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AERONAUTIC  SYMBOLS 

1.  FUNDAMENTAL  AND  DEBIVED  UNITS 


Symbol 

Length . 

i 

1  \ 

Time . . 

i  1 

Force _ 

F  j 

] 

Power _ 

P 

Speed . - _ 

{ 

meter . . . 

^^econd _ 

weight  of  1  kilogram. 


horsepower  (metric) . 


English 

Abbrevift- 

Unit 

i 

1  Abbreviation 

tion 

i 

!  m 

:  foot  (or  mile) . 

■  ft  (or  mi) 

1  ^ 

;  second  (or  hour)... 

i  sec  (or  hr) 

kg 

:  weight  of  i  pound _ 

i  lb 

1  kph 

horsepower..  i 

hp 

miles  per  hour _ ^ 

mph 

i  mps 

feet  per  second . I 

fps 

Weight=:7nf7 

Standai'd  acceleration  of  graTity~9.80665  m/s" 
or  32.1740  ft/sec^ 

Mass=t- 

g 

Moment  of  inertia (Indicate  axis  of 
radius  of  g^yration  Ic  by  proper  subscript.) 
Coefficient  of  viscosity 


2.  GENERAL  SYMBOLS 

V  TCii 


^  Kinematic  viscosity 

p  Density  (mass  per  unit  volume) 

Standard  density  of  dry  air,  0.12497  kg-m"’-s=^  at  15°  C 
and  760  mm;  or  0.002378  Ib-ft’^  sec^ 

SpeciSc  weight  of  “standard”  air,  1.2255  kg/m®  or 
0.07651  11) /cu  ft 


iii’ea 

Areo,  of  wing 
Gap 
Span 
Chord 

Aspect  ratio, 

o 

True  air  speed 
Dynamic  pressure,  ^  pV- 

Lift,  absoiiHo  coeflicient  0^—-^ 

go 

Drag,  absolute  coefBcient 

Profile  drag,  absohue  coeflicient  Op 

Induced  drag,  absolute  coefficiont  Od.—-/, 

' 

Parasite  drag,  absolute  coefucient  Cn 


3.  AERODYNAMIC  SYMBOLS 

iw  Anglo  of  setting  of  wings  (relative  to  thrust  line) 
ii  Angle  of  stabilizer  setting  (relative  to  thrust 
line) 

Q  Resultant  moment 

R  Resultant  angular  velocity 

R  Reynolds  number,  p  -  -  where  /  is  a  linear  dimen- 

p 

sion  (e.g.,  for  au  airfoil  of  1.0  ft  chord.  100 
mph,  standard  pressure  at  15°  C.  the  corre¬ 
sponding  Reynolds  number  is  935,400;  or  for 
an  airfoil  of  1.0  m  chord,  100  mps,  the  corre¬ 
sponding  Kc3molds  number  is  6,865,000) 
a  Anglf^  of  attack 

€  Angie  of  downwash 

r— ^  «o  Angh'  of  attack,  infinite  aspect  ratio 

Angle  of  attack,  induced 

Angle  of  at  tael-:,  absolute  (measured  from  zero- 
-  lift  po.sition) 

—  — ^  7  Fiiglit-p'it  ii  angle 


Cross-wind  force.  a])soliite  coefficient  Cc=  -^ 

qS 
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SUMMARY 

The  sources  of  error  that  may  enter  into  the  measurement  of 
nirspeed  hy '  pilot-static  methods  are  reviewed  in  detail  together 
with  methods  of  flight  calibration  of  airspeed  instalMions. 
Special  attention  is  given  to  the  problem  of  accurate  measure¬ 
ments  of  airspeed  under  conditions  of  high  speed  and  maneu¬ 
verability  required  of  military  airplanes. 

The  accuracy  of  airspeed  measurement  is  discussed  as  limited 
by  errors  in  each  of  the  quantities  that  is  directly  measured  in 
flight.  Existing  data  on  the  errors  at  the  total-  and  static- 
pressure  openings  associated  with  the  geometry  of  pitot-static 
tubes  are  summarized^  followed  by  charts  and  a  qualitative  ^ 
description  of  the  errors  caused  by  operation  within  the  pressure 
field  of  the  airfoil.  The  errors  introduced  at  the  measuring  end 
of  the  system  due  to  lag  in  pressure  transmission  are  reviewed 
and  some  new  material  on  this  subject  is  included  along  with 
methods  and  charts  for  making  appropriate  lag  corrections  to 
airspeed  measurements. 

A  brief  discussion  is  given  of  the  magnitude  and  type  of  error 
introduced  by  the  mechanical  and  elastic  characteristics  of  the 
conventional  airspeed  indicator  and  altimeter.  Similar  material 
is  given  for  typical  NACA  pressure-recording  instruments. 
Since  knowledge  of  true  airspeed  is  dependent  upon  a  tempera¬ 
ture  measurement j  existing  mat^ial  on  the  accuracy  with 
which  temperature  can  be  measured  with  various  types  of  probes 
is  summari^d  and  discussed.  Methods  used  by  the  National 
Advisory  Committee  for  Aeronautics  in  flight  calibrations  of 
airspeed  and  temperature  installations  are  outlined. 

The  present  report  has  been  arranged  in  such  a  way  that  each 
section  may  be  read  independently  of  the  others.  An  attempt 
has  been  made  to  consider  all  factors  that  limit  the  accuracy 
with  which  airspeed  may  be  determined  by  the  usual  pitot- 

static  methods.  I  , -I  )  ^  . . .  ^  , 

INTRODUCTION  "  ^ 

A 

Accurate  determination  of  Mach  number  and  true  airspeed 
is  of  fundamental  importance  in  the  flight  testing  of  aircraft. 
Although  the  increasing  demand  for  greater  speed,  altitude, 
and  maneuverability  has  brought  about  refinements  in 
measuring  technique,  the  diflerential  pressure  indicator  or 
recorder  connected  to  sources  of  total  and  static  pressiu*e 
remains  the  standard  miains  of  measuring  airspeed  up  to  a 
Mach  number  of  about  0.95. 


The  determination  of  Mach  number  and  true  airspeed  by 
means  of  pitot-static  arrangements  is  limited  in  accuracy  by 
errors  which  may  be  separated  into  the  following  five  broad 
categories : 

(1)  Errors  associated  with  the  geometry  of  the  pitot- 

static  tube 

(2)  Errors  induced  by  the  field  of  flow  about  the  airfoil 

(3)  Errors  caused  by  lag  in  the  tubing  which  connects 

the  pitot-static  tube  with  the  indicating  or  record¬ 
ing  mechanism 

(4)  Errors  due  to  the  indicating  or  recording  mechanism 

(5)  Errors  in  the  determination  of  free-air  temperature 

The  purposes  of  the  present  report  are  to  bring  together 
from  many  different  papers  the  results  of  investigations  of 
the.se  errors  and  to  present  this  information  in  a  form  suitable 
for  convenient  use.  The  published  results  of  these  investiga¬ 
tions  have  been  combined  with  unpublished  results  obtained 
at  the  Langley  Memorial  Aeronautical  Laboratory  of  the 
NACA  in  such  a  manner  as  to  be  useful  to  those  who  plan 
airspeed  instrumentation  and  interpret  data  obtained  in 
flight.  Each  section  is  independent  of  the  others  and  may, 
therefore,  be  read  separately. 

Special  attention  has  been  given  to  the  magnitude  or  im¬ 
portance  of  the  various  errors  and  to  methods  of  correcting 
them.  Cognizance  has  been  taken  of  those  conditions  under 
which  rates  of  change  of  speed  or  altitude  are  high  such  as 
maneuvers  requu*ed  of  some  military  airplanes. 

The  supplementary  tables  required  in  deti^rmining  Mach 
number,  the  speed  of  sound,  and  the  properties  of  the  U.S. 
standard  atmosphere  are  given  in  reference  10. 

An  extensive  bibliography  covering  all  material  reviewed 
and  judged  to  be  of  interest,  with  the  exception  of  several 
valuable  British  papers  of  limited  distribution,  has  been 


prepared. 


SYMBOLS 


A  area,  feet^ 

a  speed  of  sound  in  dr}^  air,  feet  ])cr  second 

speed  of  sound  in  moist  air,  feet  per  second 
B  volume  coefficient  of  elasticity,  equation  (20),  feet^ 

per  pound 

C  capacitaiic.e  of  a  container  defiiHal  by  equation  (18), 

feet^/(U)/ft2) 


1 


2 
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Cl  airplane  lift  coeflicient 

c  airfoil  chord,  feet 

Cl  airfoil  section  lift  coefficient 

c„,  Cp  specific  heats  at  constant  pressure  and  volume, 
respectively,  Bin  per  pound  °F 
D  diameter,  feet 

ejp  ratio  of  partial  pressure  of  water  vapor  in  atmos- 

i,  phere  to  static  pressure 

g  acceleration  due  to  gravity  (32.1740  ft /sec*  for 

U.S.  standard  atmosphere) 

H  total  pr(‘ssure.  pounds  per  foot^ 

h  absolute  altitude,  feet;  surface  heat-transfer  coefFi- 

^  '  cient,  Btii/(sec)  (ft^)  (°F) 

hp  .  pressure  altitude,  feet 

i  impact  orifice  diameter,  feet 

K  temperature  recovery  factor  defined  by  equa¬ 

tion  (46);  pitot-static-tube  calibration  factor 
k  thermal  conductivity,  Btu/(sec)  (ft^)  (®F/ft) 

L  length,  feet;  constant,  equation  (47) 

m  equivalent  mass,  (siugs/ft^)/foot 

Alacli  number  {Via) 

w  load  factor;  constant,  equation  (47) 

Pr  Prandtl  number  {Cp^glk) 

p  static  pressure,  pounds  per  foot*  or  inches  of  wat{‘r 

Pq  sea-level  pressure  in  standard  atmosphere  (21 16.229 

Ib/ft^  or  407.2  in.  water) 

^  '  dynamic  pressure,  pounds  per  foot^ 

ic.  impact  pressure,  difference  between  total  pressure 

and  static  pressure,  pounds  per  foot^ 
gdp  compression  ratio 

B  constant  in  perfect  gas  law  ~—RgT-  resistance  to 

fluid  flow  defined  by  equation  (17),  pound-seconds 
per  foot® 

Be  Reynolds  number  (VDpJ^) 

T  temperature  of  free  stream,  °F  absolute 

To  temperature  at  sea  level  in  standard  atmosphere, 

518.4°F  absolute  or  59°F 

T/  theoretical  temperature  of  a  flat  plate,  °F  absolute 

Tt  total  temperature  defined  by  equation  (43),  °F 

absolute 

t  time,  seconds 

V  .  volume,  feet^ 

volume  of  elastic  container  with  no  load,  feet^ 

V  true  airspeed,  feet  per  second 

Vi  indicated  airspe(‘d,  feet  per  second 

TT7*S'  wing  loading,  pounds  pei’  foot* 

j.v.  distance  b(*tween  static  orifices  and  nose,  collar, 

and  stem,  respectively,  in  diameters  of  pitot - 
static  tub(' 
angle  of  attack 

ratio  of  sp(‘cific  heats,  taken  as  1.4  for  air  in  stand¬ 
ard  tables  (Cp!Cr) 


A  error  in  a  quantity  (indicated  value  minus  true 

value) 

A])x  error  in  pressure  due  to  lag 
6  dive  angle,  measured  from  horizontal,  degrees 

X  lag  constant,  seconds 

\/f  lag  constant  of  total-pressure  system,  seconds 

Xp  lag  constant  of  static-pressure  system,  seconds 

M  coefficient  of  viscosity,  slugs  per  foot-second 

V  kinematic  viscosity,  feet^  pei’  se(‘ond  (m/p) 

P  densit}",  slugs  per  foot^ 

Po  sea-level  density  of  dry  air  in  standard  atmosphere 

(0.002378  slug/ft^)  ^ 

r  acoustic  lag  due  to  finite  speed  of  sound,  s(*(‘onds 

s'  local  angle  of  flow  relative  to  airfoil  chord,  degrees 

vSuperscripts  and  subscripts; 

measured  or  indicated  quantity 
0  sea-level  conditions  in  the  U.S.  standard  atmos¬ 

phere 

a  aneroid  capsule 

c  instrument  case 

cr  critical 

(I  difference 

'  e  equivalent 

obs  observed 

V  reference  airplane 

t  connecting  tubing 

PRECISION  OF  AIRSPEED  MEASUREMENTS 

In  this  section  the  general  equations  are  given  relating 
Mach  number  and  aii-speed  to  the  directly  measurable  quan¬ 
tities,  static  pressure,  impact  pressure,  and  indicated  free-air 
temperature.  An  investigation  is  made  of  the  error  in  Af, 
T,  and  T"  (see  list  of  symbols  for  definitions)  resulting  from 
an  error  in  the  pertinent  measurements.  The  effects  of 
humidity  are  evaluated  and  shown  to  be  small. 

Total  or  pitot  pressure  as  developed  at  the  pitot  orifice  of 
a  pitot-static  tube  is  the  sum  of  two  components:  free-stream 
static  pressure  and  impact  pressure.  The  relationship  be¬ 
tween  the  total  pressure,  the  true  free-stream  static  pressure, 
and  the  speed  of  flow  is  given  in  the  following  equation  which 
is  based  on  the  Bernoulli  relation  for  adiabatic  compressible 
flow; 

Il=qc+p 

=?(]  C:  - U' (1) 

r-  c  -  1-"- 

where  M<1  and  the  speed  is  expressed  in  terms  of  Mach 
number 

(2) 

and 


a. 

y 


(1==^^  ypjp 


(3) 
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Those  relationships  show  that  Mach  number  can  be  derived 
from  two  measurable  quantities:  the  static  pressure  p  and 
the  differential  or  impact  pressure  (p.  The  pressures  may  be 
measured  either  by  instruments  calibrated  in  units  such  as 
inches  of  water  which  are  convenient  for  measuring  pressure 
directly  or  by  flight  instruments  calibrated  in  miles  per  hour 
and  feet  of  pressure  altitude  together  with  suitable  computers, 
charts,  or  tables.  (See  references  5,  7,  and  10.) 

If  the  value  1.4  is  used  for  7,  equations  (1)  and  (3)  are 
especially  convenient  for  the  routine  analysis  of  flight  data. 
Equation  (1)  can  be  reduced  to 

A  tabular  expression  of  equations  (3)  and  (4)  is  given  in 
reference  10.  By  use  of  such  tables  the  compression  ratio 
qjp  yields  M  directly.  The  true  aii*speed  V  can  be  derived 
from  measured  values  of  the  air  temperature  and  Mach 
number;  the  dynamic  pressure  q  can  be  obtained  from  the 
relation 

q=l  pM-  (5) 

Pjessure  or  pressure  difference  is  seldom  determined  in 
flight  research  with  an  over-all  precision  greater  than  that 
corresponding  to  iO.5  inch  of  water.  In  the  measurement 
of  static  pressure  p  a  precision  of  ±0.5  inch  of  water  repre¬ 
sents  an  error  of  only  0.5/400  or  0.125  percent  at  low  alti¬ 
tudes;  whereas  the  error  is  2  percent  at  65,000  feet.  For 
values  of  je  obtained  at  low  speeds,  such  as  those  encountered 
in  stall  testing,  a  precision  of  ±0.5  inch  of  water  represents 
a  large  error,  which  may  often  be  improved,  however,  by 
special  instrumentation.  For  large  values  of  qc  obtained  at 
high  speeds,  the  error  is  smaller  although  dependent  on 
altitude. 

In  pitot-static  installations  the  total  pressure  H  is  usually 
developed  to  a  high  degree  of  accuracy.  An  error  in  the 
differential  pressure  Ag?  usually  exists  because  of  Ap,  an  error 
in  the  static-pressure  system;  thus,  the  precision  with  which 
static  pressure  is  developed  is  a  limiting  factor  in  the  accuracy 
with  which  differential  pressure  is  known  and  is  a  critical 
factor  in  Mach  number  determination. 

PRECISION  OF  MACH  NUMBER 

Mach  number  en*ors  are  customarily  expressed  in  any  of 

•  .  1  n  r  f  -A  4‘\ 

the  follo\\ing  forms:  AM  (which  equals  M  or 

100  Theeffectof  errors  in  Zb  the  magnitudes 

of  both  AM  and  AMjM  through  large  ranges  of  IMach  num¬ 
ber  and  altitude  is  illustrated  in  figure  1,  based  on  the  result 
of  differentia  ting  equation  (4) : 

dM  M'-\~i^  (qc  j  I'R') 

M~  iM~  \p^  )  \  P  V  V  ) 


(a)  Error  in  and  p  of  0.5  inch  of  water. 

(b)  Error  in  H,  q„  and  p  of  1  T>orcenl . 

KiouuE  I. —Mach  number  error  corresponding  to  various  errors  in  pressure  measurement. 
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In  figure  1  (a)  the  effect  is  shown  of  an  error  of  0.5 
inch  of  water  which  exists  because  of  an  equivalent  error, 
Ap=—0,5  inch  of  water,  in  the  static-pressure  system. 
Tlie  curves  of  this  figure  are  based  on  the  following  equation, 
which  can  be  obtained  from  equation  (6)  when  the  measure¬ 
ment  of  H  is  considered  exact  and  thus  dqc='—dp: 


of  T\  K,  and  may  be  determined.  Based  on  a  value  of 
7=1.4,  this  error  may  be  expressed  by  the  root-mean-square 
of  the  contributing  errors: 


o.2KiM^  y  r/2AMy  ,  /Air\n 
1  +  0.2KAPJ  L\  KJ  J 


(7) 


AA/_MH5  , 

—  71/^ -b  5  Ap 

IM^  p 


(6a) 


The  curves  have  not  been  extended  beyond  a  ‘stall  line’’ 
which  is  arbitrarily  based  on  the  assumption  that  the  Mach 
number  for  stall  at  any  altitude  is  given  by  Ai,taxi^0,l^pQlp. 
Figure  1  (a)  shows  that  except  at  very  high  altitudes  or  at 
low  Mach  numbers  a  precision  either  of  ±1  percent  or  of 
±0.01  in  the  Mach  number  is  achieved  if  an  error  of  only 
±0.5  inch  of  water  exists  in  g^  and  p.  Errors  inherent  in 
the  measurement  process  itself,  however,  may  introduce 
inaccuracies  which  materially  increase  the  value  of  ±0.5  inch 
of  water. 

The  precision  of  A1  corresponding  to  a  1 -percent  value  of 
pressure  defect  is  given  in  figure  1  (b).  A  pressure  defect 
as  used  in  this  paper  is  the  pressure  error  expressed  in  non- 
dimensional  form,  as  Apjp,  Apjq^^  and  so  forth.  The  curves 
for  AHjqe  (p,  exact)  and  Apjq^  (iJ,  exact)  are  useful  in  the 
interpretation  of  calibration  curves  of  pitot-static  tubes. 
The  curve  for  Aqdp  (77,  exact)  represents  an  error  in  g^ 
which  exists  because  of  1 -percent  error  in  p.  In  order  to 
determine  the  effect  on  AI  of  errors  in  static  pressure  alone 

exact y  Uie  curve  for  AHjqe  may  be  used  since 

a  1-percent  error  in  either  the  numerator  or  the  denominator 
of  the  compression  ratio  qdp  results  in  the  same  magnitude 
of  error  in  M, 

Figures  1  (a)  and  1  (b)  can  bemused  to  determine  the  error 
in  Ad  for  other  conditions  since  AA7  and  AjAdjAd  are  directly 
proportional  to  the  error  in  77,  p,  or  g^-  They  may  also  be 
used  to  estimate  the  precision  necessary  in  pressure  measure¬ 
ment  to  achieve  a  desired  minimum  error  in  Ad. 


In  man}"  installations,  the  value  of  K  may  not  be  known 
with  a  precision  greater  than  ±10  percent.  At  Macli 
numbers  less  than  0.3  although  AAljA'I  is  as  laige  as  ±10 
percent,  T  may  easily  be  determined  with  a  precision  greater 
than  ±1  percent.  As  Al  approaches  1,  however,  in  order 
to  achieve  an  accuracy  in  Tof  ±1  percent  when  AI  is  known 
to  ±1  percent,  T'  must  be  known  w’ith  a  precision  greater 
than  ±1  percent  and  K,  with  a  precision  greater  than  ±5 
percent.  For  high-speed  aircraft,  especially  those  for 
navigational  or  research  purposes,  therefore,  a  thermometer 
installation  with  an  accurately  known  value  of  recover}" 
factor  is  essential. 


PRECISION  OF  TRUE  AIRSPEED 

From  equations  (2)  and  (3),  the  root-mean-square  error 
in  true  airspeed  may  be  expressed  as 


AMV  /I  Aiy 
M  )  '^V2  T  ) 


(8) 


In  order  to  obtain  the  true  airspeed  to  wuthin  an  accuracy 
of  1  percent,  the  errors  must  be  less  than  1  percent  for  M 
and  less  than  2  percent  for  T,  as  indicated  by  equation  (8). 

At  low  speeds,  at  wliich  “  ^  is  usually  much  less  than 
the  precision  of  T"  is  almost  entirely  dependent  on  the 


value  of  Ail/,  and  AF»700  AAI  (where  V  is  given  in  mph). 

The  precision  acceptable  for  T’  varies  with  the  purpose 
of  the  measurements.  Although  airspeed  indicators  may 
be  graduated  in  1-mile-per-hour  units  and  Mach  numbers 
are  often  given  to  throe  significant  figures,  precision  as  high 
as  such  numbers  indicate  is  contingent  upon  the  ability  to 
maintain  or  improve  the  accuracy  of  ±0.5  inch  of  water  in 
pressure  measurements. 


PRECISION  OF  TEMPERATURE 

The  temperature  of  the  free  air  T  is  not  indicated  by  a 
thermometer  moving  at  s])eed  AI  relative  to  the  fi*ee  stream 
but  must  be  computed  fiom  the  relation 


where  the  temperature  iv'covery  factor  K  may  have  a  value 
varying  between  0.3  and  1.0  for  different  installations.  The 
value  of  T  used  in  equation  (3)  may,  therefore,  be  in  error 
because  of  limitations  in  the  precision  with  which  the  values 


EFFECT  OF  HUMIDITY 

Values  of  Al  and  V  computed  by  means  of  the  tables  or 
formulas  for  Al  and  o,  are  usually  based  on  dry  air  and  7=  1.4. 
These  values  of  Al  are  accurate  within  0.1  percent  and  for 
V  within  0.4  percent  at  tempera tui’es  of  68°  F  or  less.  In 
warm  summer  weather  undei-  conditions  of  high  humidity, 
requirements  of  high  pi’ecision  may  indicate  the  need  for  a 
humidity  correction.  Since  moist  air  is  less  dense  than  dry 
air  at  the  same  temperature  and  pressure,  complete  correc¬ 
tion  involves  not  only  a  change  in  the  value  of  A/  as  deter¬ 
mined  hy  equation  (4)  hut  also  a  correction  for  both  7  and 
density  in  determining  the  speed  of  sound  from  equation  (3). 
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The  variation  of  7  with  atmospheric  conditions  is  given 
in  the  following  table  furnished  by  the  National  Bureau  of 
Standards.  (See  reference  8.) 


Temperature 

7  for  dry  air 

7  for  saturated  air 

“C 

op 

760  mm  Hg 

0  mm  Hg 

760  mm  Hg 

0  mm  Hg 

40 

104 

1.4012 

1.3998 

1.3963 

1.3935 

2Q 

68 

1.4020 

1.4003 

1.3989 

1.3965 

0 

32 

1.4028 

1.4007 

1.4000 

1. 3983 

—20 

-4 

1.4037 

1. 4010 

1.4010 

1. 3904 

-40 

-40 

1.4046  1 

1  1 

1.4012 

1.4020 

1.4004 

Since  1.39<7<1.41,  a  simple  linear  correction  can  be 
applied  to  values  of  M  derived  from  equation  (4).  The 
variation  of  M  with  7  for  a  range  of  gJv  is  shown  in  the  fol¬ 
lowing  table,  in  which  the  change  in  M  is  only  approximately 
^0.3  percent  for  a  change  of  ±0.01  in  7. 


ff./P 

Mach  number 

7-1.39 

7-1.40 

7-1.41 

0.01 

0.1198 

0.1194 

0. 1189 

.10 

.3728 

.3716 

.3702 

.20 

.5188 

.5171 

.6153  ■ 

.40 

.7126 

.7103 

.7081 

.60 

.8502 

.8477 

.8452 

.60 

.9589 

.9562 

.0534 

The  speed  of  sound  in  moist  air  of  temperature  T  and 
partial  vapor  pressure  e  may  be  computed  from  the  speed  of 
sound  a  in  dry  air  of  the  same  temperature  as  given  in 
standard  tables  in  reference  10  (or  by  use  of  equation  (3) 
with  7=  1.4)  by  the  following  formula  based  on  ordinary 
thermodynamic  considerations: 

I  y  ^  (9) 

Y(i -0.3783  0^-^  Y  1.4(1 -0.3783  I) 

-  / 

The  aforementioned  data  indicate  that  for  dry  air  the 
standard  tables  give  values  of  M  that  are  slightly  too  large; 
whereas  values  of  a  are  small  in  almost  exactly  the  same  pro¬ 
portion,  the  net  error  being  less  than  0.02  percent.  For 
fully  saturated  air  above  freezing,  values  of  both  M  and  a 
are  too  small  when  computed  from  the  standard  tables. 
The  resultant  error  in  V  is  0.4  percent  at  68®  F,  although  it 
increases  to  1.4  percent  at  104®  F,  Under  most  conditions 
in  the  temperature  range  of  the  standard  atmosphere,  there¬ 
fore,  no  ^provement  in  the  precision  of  airspeed  measure¬ 
ment  in  flight  is  gained  by  correcting  for  the  effects  of 
humidity. 

CHARACTERISTICS  OF  TOTAL-  AND 
STATIC-PRESSURE  HEADS 

In  this  section  the  discussion  is  limited  to  the  isolated 
pitot-static  device,  unaffected  by  the  interference  effects  of 


fuselage  or  wing  which  may  be  present  in  a  practical  instal¬ 
lation.  The  results  of  tests  of  a  number  of  different  pitot- 
static  tubes  are  used  to  show  the  influence  of  the  geometry 
of  the  head,  angle  of  attack,  Mach  number,  Reynolds  num¬ 
ber,  turbulence,  and  drain  holes  on  the  development  of  total 
and  static  pressures.  Calibration  curves  of  standard  pitot- 
static  tubes  are  included. 

TOTAL-PBESSUBE  HEADS 

In  accordance  with  the  Bernoulli  relation,  the  total-pres¬ 
sure  H  in  the  impact  orifice  of  a  pitot-static  or  total,  pressure 
tube  at  a  given  airspeed  is  not  affected  by  small  changes  in 
the  local  velocity  due  to  the  presence  of  the  tube  itself  or  of 
the  airplane  provided  that  the  direction  of  flow  is  parallel 
to  the  axis  of  the  head.  Potential  flow’,  free  from  circulation 
losses,  is  thus  implied  together  with  the  further  assumption 
that  as  the  air  comes  to  rest  compression  takes  place  adiabati- 
cally  without  sensible  heat  transfer. 

The  results  of  reference  22  indicate  that  when  the  axis  of 
the  head  is  parallel  to  the  flow  direction  the  value  of  H  is 
given  correctly  by  equation  (1)  for  values  of  M  as  large  as 
0.995.  Results  contained  in  reference  1  indicate  that  for 
values  of  impact  orifice  diameter  i  rangmg  from  5  inches  to 
0.0097  inch  and  for  small  tubes  at  low’  velocity  (Reynolds 
number  greater  than  30)  H  is  independent  of  orifice  diameter 
wdthin  0.0002  inch  of  water. 

Effect  of  angle  of  attack,  Mach  number,  and  orifice 
diameter. — The  total-pressure  defect  (H' — H)l^c  increases 
in  magnitude  as  the  angle  of  attack  a  increases  from  zero, 
decreases  as  Af  increases,  and  decreases  as  the  ratio  of  impact 
orifice  diameter  to  tube  diameter  i/D  approaches  1.0.  The 
magnitude  of  these  effects  for  a  tube  with  a  homispherically 
shaped  nose  is  illustrated  in  figure  2.  Figure  2  (a)  was 

obtained  by  cross-plotting  and  extrapolating  to  ^=0.125 

the  data  in  reference  20  which  were  obtained  at  a  value  of  2 
of  3  inches  of  water  in  an  open-jet  tunnel  (that  is,  A/«0.1). 

At  a=24®  the  defect  is  still  zero  for  ^=1.0. 

The  total-pressure  defect  for  values  of  a  from  0®  to  20°  in 
the  region  0.57<M<0.995  is  illustrated  in  figure  2  (b),  w±ich 
is  derived  from  reference  22.  This  tube,  a  Prandtl-type 
laboratory  instrument,  has  a  ratio  ilD  of  0.3,  for  which,  in 
tubes  of  this  type,  the  variation  of  total-  and  static-pressure 
errors  with  angle  of  attack  is  such  as  to  give  a  nearly  correct 
value  of  For  given  values  of  i  and  Z?  if  the  nose  shape  is 
elongated  (for  example,  semielliptical  or  ogival)  the  elonga¬ 
tion  is  equivalent  to  an  effective  increase  in  the  value  of  'i/Z?, 
and  the  magnitude  of  the  total-pressure  defect  at  a  given 
angle  of  attack  will  be  less  than  is  indicateil  by  figure  2. 

Investigation  of  the  total-pressure  defect  for  0.3<CA/<^0.9 
and  angles  of  attack  up  to  180®  (reference  24)  shows  that  the 
defect  {H'—H)lqc  increased  in  magnitude  to  (approx.) —2.0 
at  about  a=87®  and  then  decreased  for  values  of  a>87®. 
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(a)  Variation  with  orifice  ratio  and  angle  of  attack.  Data  from  rotcrenoe  SO. 

(b)  Variation  with  Mach  number  and  angie  of  attack;  — -0.3. 

Data  from  reference  22.  J> 


Figure  2. — Total-pressure  defect  for  bemispherica!  nose. 


For  applications  in  which  a  large  change  in  angle  of  attack 
of  the  pitot  head  is  expected  and  especially  for  research 
purposes,  shielded  total-pressure  heads,  which  give  zero 
total-pressure  defect  up  to  angles  of  attack  of  35®,  are  avail¬ 
able  (reference  19).  For  many  uses  a  simpler  form  of  tube 
would  be  suitable;  that  is,  one  that  makes  use  of  the  small 
rate  of  increase  of  total-pressure  defect  with  angle  of  attack 
as  ijD  approaches  1,  as  shown  in  figure  2  (a). 

Effect  of  turbulence. — Reference  15  indicates  that  the 
presence  of  turbulence  in  the  air  stream  causes  values  of  H' 
to  be  less  than  the  true  value  H.  As  turbulence  may  be 
considered,  in  part,  as  a  change  in  the  local  angle  of  flow,  the 
data  of  references  15  and  20  indicate  that  the  total-pressure 
error  would  decrease  with  an  increase  in  the  ratio  ijD, 
Although  often  important  in  wind  tunnels,  such  turbulence 
is  not  a  source  of  error  in  airspeed  measurements. 

Effect  of  drain  holes. — The  error  in  total-pressure  measure¬ 
ments  as  a  result  of  drain  holes  depends  on  the  size  and 
location  of  the  holes.  References  23  and  25  show  that  the 
error  introduced  by  such  holes  can  be  about  M  percent  at  low 
speeds  and  decreases  with  an  increase  in  speed. 

STATIC>PRESSURE  HEADS 

The  static  orifices  in  the  wall  of  a  pitot-static  tube  do  not, 
in  general,  develop  the  true  static  pressure  at  the  head  loca¬ 
tion  because  of  disturbances  associated  with  the  flow  over 
the  head.  The  error  is  closely  associated  with  the  dimen¬ 
sions  and  design  of  tlie  head,  Mach  number,  angle  of  attack, 
changes  in  configuration  during  use,  and  Reynolds  number. 

Effect  of  dimensions  and  design. — Theoretical  analysis  for 
incompressible  flow  (reference  18),  confirmed  by  experiment 
(reference  14),  indicates  that  the  local  static  pressure  is  less 
than  free-stream  pressure  for  a  distance  of  about  16  diameters 
back  of  the  nose.  Use  is  often  made  of  the  interference  of  a 
supporting  streamline  strut  or  of  a  collar  back  of  the  orifices 
to  increase  the  pressure  at  the  static  holes.  The  strut  or 
collar  is  an  integral  part  of  the  head  and  is  so  proportioned 
that  true  static  pressure  is  more  nearly  approached.  The 
effectiveness  of  such  compensation  may  vary  with  Mach 
number,  and  new  designs  should  always  be  tested  in  a  wind 
tunnel  over  the  maximum  Mach  number  range  for  which 
they  will  be  used. 

Early  investigations  of  the  effect  of  dimensions  (references 
14,  15,  and  20)  have  been  extended  by  the  British  to  Mach 
numbers  of  0.95  and  are  summarized  in  figure  3.  Figure  3  (a) 
shows  the  pressure  at  static  orifices  located  at  a  distance 
Xn  back  of  an  ogival  nose  over  a  range  of  Mach  number  from 
0.3  to  0.95.  Figure  3  (b)  shows  the  effect  of  a  43-percent 
collar  at  a  point  Xc  behind  the  static  holes,  and  figure  3  (c) 
shows  the  effect  of  placing  a  mounting  stem  of  thickness 
As=0.9Z?  at  various  distances  Xs  behind  the  static  holes. 
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Cross-plotting  of  tlio  data  of  figures  3  (a),  3  (b).  and  3  (c) 
shows  that  at  constant  values  of  the  eflect  of  orifice  location 
relative  to  both  nose  and  collar  varies  directly  with  (l/y.y)' 
and  (l/J‘c)^  respectively,  and  th(‘  effect  of  a  stem  varies 
directly  with  1//5- 

Effect  of  Mach  number  and  angle  of  attack— Figure  3  (d) 
and  figure  3  (f)  illustrate  the  complexity  of  the  interaction 
of  changing  direction  of  flow  and  the  effe(*ts  of  high-speed 
flow.  The  pressure  increase  at  Mach  numbers  larger 
than  0.8  exliibited  by  the  Prandtl-ty])e  tube  in  figure  3  (d) 
is  associated  with  shock  diu'  to  flow  over  the  nose*  (fiist 
evidenced  in  schlieren  photographs  at  A/=0./),  but  the 
drop  at  A/=0.97  is  associated  with  the  fact  that  the  shock 
wave  moves  to  a  lo(*ation  behind  the  static*  orifices.  Theoi*} 
(reference  21)  indicates  tliat,  by  use  of  the  nose  shape  known 
as  a  Rankiiie  ovoid,  the  effects  of  shock  displayed  in  the* 
head,  the  characteristics  of  which  are  given  in  figure*  3  (d), 
are  delayed  to  larger  values  of  free-stream  Mad)  number. 

Change  of  static  defect  with  angle  of  attack  is  in  pait  a 
function  of  the  diameter  of  the  static  orifices  and  of  any 
interior  constrictions  which  may  be  built  into  tlie  static- 
pressure  head.  Common  procedure  is  to  have  the  static 
orifices  open  into  a  small  settling  chamber  in  which  any 
turbulence  or  random  changes  of  equilibrium  associated  with 
flow  through  the  orifices  when  the  direction  of  flow  is  not 
parallel  to  the  axis  of  the  head  may  be  neutralized.  The 
tube  for  transmitting  the  static  pressure  opens  into  this 
chamber.  In  such  designs,  if  the  static  orifices  are  less  than 
0.20  inch  in  diameter,  tlie  energy  losses  tend  to  diminish  tin* 
static-pressure  errors  due  to  the  angle  of  attack.  The 
orifices  of  the  tube  for  which  curves  arc  plotted  in  figure  3((n 
are  in  the  form  of  a  circumferential  slot  of  width  O.lD; 
whereas  the  twenty  orifices  of  the  tube  for  which  curves  are 
plotted  in  figure  3(f)  are  holes  of  0.025-inch  diameter.  For 
service  tubes  exposed  to  spray,  circumferential  slots  are  often 
used  since  their  larger  dimension  reduces  the  tension  for 
rupture  of  any  water  films  that  form.  * 

Unless  the  static  orifices  are  symmetrically  placed  and  at 
least  eight  in  number,  the  static-pressui'e  error  will  vary  witii 
the  plane  of  the  inclined  flow  (reference  20).  For  a  static- 
pressure  head  with  the  static  orifices  concentrated  on  the 
upper  and  lower  surfaces,  the  static-pressure  error  is  sub¬ 
stantially  constant  over  a  range  of  pitch  of  ±7.4°  but  is  not 
constant  for  an  equivalent  range  of  yaw. 

When  airspeed  is  measured  under  laboratory  conditions 
under  which  the  angle  of  attack  of  the  head  can  be  controlled, 
calibration  curves  such  as  are  shown  in  figure  3  are  of  use 
but  in  flight  they  do  not  dispense  with  the  necessity  of  making 
a  flight  calibration  when  the  angles  of  attack  and  yaw  aixl 
body  interference  c'frects  ar('  not  known.  The  use  of  fi*(‘e-  ; 
swiveling  stati(‘  heads  does  not  eliminate  tiie  necessity  ol 
calibrating  for  interferenct*  effects. 


Effect  of  small  changes  in  configuration.— The  tube  must 
])e  smooth  and  free  from  burrs  in  the  vicinity  of  the  static 
orifices.  For  two  tubes  of  tin*  same  manufacture  which 
differed  only  in  that  some  of  the  metal  plat(*  near  the  static 
orifices  of  one  had  been  stripped,  the  tests  of  reference  23 
indicate  a  change  in  static  defect  from  4  percmit  to  2  per¬ 
cent  (a  2 :1  ratio)  over  the  entire  speed  range.  Small  changes 
in  configuration  which  may  occur  during  use  can,  therefore, 
have  a  marked  effect  on  the  calibration  of  a  static-pressure 
head. 

Effect  of  Reynolds  number. — Tests  (reference  17)  have, 
shown  that  a  Reynolds  number  greater  than  2300  (when  tho 
liiu’ar  dimension  is  the  diameter  of  the  static  head)  is  essential 
if  the  measui-ed  static  pressure  is  not  to  bo  subject  to  scale 
effects.  This  fact  is  shown  in  figure  3  (e)  where  the  cross- 
hatched  area  represents  the  region  of  scatter  in  the  values  of 
static  defect  apparently  associated  with  some  instability  of 
flow.  In  figure  3  (e)  tlie  data  as  given  in  reference  17  for 
tube  calibration  factor  Ji,  whicb  equals  qjq'  have  been 

replotted  by  means  of  the  relation  ^ 

ation  of  static  defect  with  Reynolds  number  indicates  a  lower 
limit  at  high  altitude  for  the  diameter  of  static  heads  and 
j-akes  for  wake  surveys. 

SERVICE  PlTOT-STATIC  TUBES 

AVith  commei‘cially  available  pitot-static  tubes,  differential 
Ol*  impact  pressure  could  be  measured  with  great  acctiracy  if 
interference*  effects  of  the  airplane  and  lag  and  instrument 
eriors  were  not  present.  Pressure  defects  obtained  in  cali¬ 
brations  at  zero  angle  of  attack  of  two  standard  pitot-static 
tubes  (reference  23)  are  given  in  figure  4.  In  figure  4  the 
total-pressure  defect  is  entirely  due  to  the  drain  holes. 

The  defects  at  other  angles  of  attack  can  be  expected  to 
vaiy  from  tliose  given  in  figure  4.  Since  these  tubes  have 
ratios  ///>  of  about  0.3,  the  defect  in  II  would  be  negligible 
(l(‘ss  than  percent)  for  angles  of  attack  up  to  at  least  6°  or 
8°.  Since  the  nose  shapes  are  elongated,  the  total-pressure 
defect  at  greater  angles  of  attack  would  undoubtedly  be 
smaller  than  the  data  for  hemispherical  noses  would  indicate 
(fig.  2).  but  published  detailed  calibrations  are  lacking. 
Errol'S  in  total  pressure  can  be  expected  with  these  heads, 
however,  when  used  in  a  leading-edge  position. 

Ihiiform  static  d(‘fect  over  a  wide  range  of  Mach  number 
ri'sults  from  tlu*  addition  of  a  collar  or  fin  that  compensates 
for  the  negative  defect  associated  with  flow  ov('r  the  nose; 
the  resultant  ])ositive  static  defe(‘t  amounts  to  2  or  3  percent 
of  (/,.  Although  this  defect  could  introduce  an  error  of  1  to 
1.5  percent  in  Mach  number,  the  (orreetions  described  in 
lli(‘  section  (Uitith'd  Flight  Calil)ration  of  Airspeed  and 
Teinj)eralure  Inslailations’’  allow  for  it. 


Reynolds  number  Compression  raf/c^  ^c/R 

(a)  Still  ic  oriiiccs  iif  disliiiico  x.v  ln'hiiui  oeiviil  nose.  (h)  Colliir  tit  distiuico  xc  bt'hinrt  stnlip  oi  iticc'S.  lh-=  l.ii/-':  x.v= 

;u  (listuruc  v.s-  bohiiul  stiiiic  orifici’.s.  x.v  =  ;{.4/>»;  sii'iii  tliicknosf  7^5  =  0. 9/>.  (dj  Atide ofiit tiiok  fnrht'rnisphortcal iioso-  J’nuultl-i ypi' lubi*,  x\  lit />.s; n'lriencv 21: 

(■f)  I\i‘> iKibls  numbiT.  Ib'ti'n'iU’i' 17.  (fi  Antrle  of  iiUiick  for  si'iiiirllipsoidiil  iiostv  x\  =  \\,'\I}\  x^s  — 2<i/>.s:  tvlcn'MiT  2o. 

m  of  still  ic'iirrsNiiro  dofi'ct  of  pilot-stntic  itjlu-s  with  tufic  cotistrut-i  ioii,  Mac-h  nuinUir,  luiulc  of  attack,  an<l  licviiolds  imnibcr.  All  ditnoiisions  arc  based  on  tube  diatnrtor 
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(u)  KSS(’  nuinbur  IS-I piioi-slutic  tube. 

(b)  KSSt'  iminlipr  1S-T-45M  pitot-static  tube. 

I'JGURE  4.— Typicnil  totiil-iuul  stiuif-jiressure  dofecis  of  two  airspeed  heads  ut  zero  anti-- 
of  smack.  iJatsi  from  reference  23. 


THE  FIELD  OF  FLOW  ABOUT  AN  AIRFOIL 


Tlu‘  accuriify  ro(|uin'cl  in  each  of  several  measured  (junn- 
tities  in  order  to  achieve  a  specified  accuracy  in  airspeed  has 
been  discussed.  This  discussion  was  followed  by  a  summary 
of  tlie  available  mateiial  on  the  deviations  in  pressure  meas¬ 
urement  to  be  expected  from  the  isolated  total-  or  stati(*- 
pressure  head.  In  the  following?  section  the  field  of  flow 
about  an  airfoil  is  discussed  and  available  data  are  sum¬ 
marized  in  order  that  (pialilative  estimatt^s  may  be  made  of 
the  erroi-s  from  this  cause  that  must  be  expected  and  allowed 
for  when  pitot -static  devices  are  attached  to  an  airplane. 

The  direction  and  velocity  of  the  flow  about  an  airfoil 
vary,  in  general,  from  point  to  point  with  the  shape  and 
thickness  ratio  of  the  airfoil,  with  the  lift  coefficient,  and 
with  the  Mach  number.  As  a  result  of  these  variations,  the 
static-pressure  error  associated  with  the  flow  can  be  expected 
to  y&jy;  in  addition,  both  static-  and  total-pressure  heads 
may  be  in  error  because  of  inclination  of  the  flow  with  respect 
to  the  head. 

The  results  of  a  number  of  theoretical  and  experimental 
investigations  of  the  flow  in  the  vicinity  of  airfoils  are  avail- 
abh'  in  references  2()  to  29  and  in  reference  81.  These 
results  are  based  on  the  theory  of  incompressible  flow  and 
low-speed  wind-luniu'l  tests  and  are  summarized  in  figures  5 
and  ()  to  which  an*  added  unpublished  results  from  an  in¬ 
vestigation  at  the  Langley  Laboratory  of  the  flow  in  the 
vicinity  of  a  Joukowski  airfoil  for  a  range  of  values  of  Ci 
from  0.2  to  0.8.  The  data  presented  in  references  2()  to  28 
in  terms  of  the  ratio  of  the  local  velocity  v  to  the  free-stream 
velocity  V  and  the  local  direction  of  flow  relative  to  th(‘  wind 
din*etion  or  tunn(‘l  axis  havt*  been  modified  in  figures  o  and  (> 


as 


follows: 

(a)  Values  of 


have  been  substituted  for 


the  velocity  ratio  on  the  velocity  contours. 

(bj  The  angle  of  attack  to  the  nearest  degree  has 
been  addl'd  to  the  angh'  of  flow  to  give  the  angle 
between  the  local  flow  at  an}^  point  and  the  airfoil 
chord. 


tc)  Some  contours  have  bei'n  omitted  for  clarity. 

.Some  variation  is  to  be  expeett'd  in  the  value  ol  with 

Mach  number.  The  results  of  reference  84  show,  ho'svever, 
that  alu'ad  of  the  wing  the  variation  is  small  and  also  that 
at  a  point  1.8c  ahead  of  a  lo-perccnt-thick  high-speed  airfoil 
section  the  value  of  Ap/^c  is  within  the  limits  of  experimental 
error  for 


LOCATION  OF  STATIC  HEAO 

The  ideal  location  for  the  static  head  would  be  one  for 
which  no  installation  corii'ction  is  necessary  throughout  the 
flight  range.  A  good  ])ractical  location  is  one  with  a  small 
constant  installation  error.  Figures  o  and  fi  show  that  no 
such  location  exists  in  the  underwing  region.  It  is  more 
nearly  approaclu'd  for  wings  with  a  convex  lower  surface, 
but  the  effects  of  shock,  including  a  huge  increase  in  static 
pressure,  have  indicated  the  lu'ed  foi’  other  locations  for  the 
static-  and  total-pressure  orifices.  For  resi'arch  testing,  a 
boom-mount(‘d  static  head  in  front  of  the  h'ading  edge  of 
the  wing  a])proaches  the  charact(*ristics  of  the  ideal  location 
most  closi'ly.  Even  with  a  lioom  of  1  chord,  however,  some 
variation  of  local  static  pressure  with  C/  may  be  e.xpected. 
Although  variations  of  Ap/q  and  angle  of  flow  with  Ct  may 
be  small  and  decrease  with  increasing  length  of  boom,  some 
control  of  the  static  defect  is  possibh*  l)y  choi(‘e  of  the  vertical 
displacement  of  the  static  head  relative*  to  the  chord  extension. 
If,  for  example,  a  location  is  chose'u  which  has  zero  defect 
at  a  high  value  of  Ci,  the  magnitude*  of  Ap/q  incre^ases  at  a 
low  value  of  c,.  Since  low  value's  of  Ci  are*  ordinarily  asso- 
ciateel  with  high  speed  anel  high  value's  of  e/,  the  actual 
departure*  from  freevstream  static  ])re'ssure'  expressed  in 
inche's  of  water  or  feet  of  pressures  altitude  may  be*  laige. 
On  the  other  hand,  if  the  static  head  is  located  so  that 

at  Ci=0,  small  departures  from  free-stream  values 

result  even  though  Ap/q  may  increase  at  large*r  values  'of  C;. 

Spanwise  location  of  the  static  he'ael  is  in  part  determined 
by  structural  considerations,  a  location  between  0.2  and  0.5- 
semispan  inboard  of  the  wing  tij)  usually  being  chosen. 
This  choice  is  based  partly  on  the  general  requirement  that 
the  measuring  head  should  be  so  located  as  to  be  free  of  the 
effects  of  a  source  of  energy  such  as  tin*  proj)eller,  and  on  the 
fact  that  the  boom  can  be  shorti'r  when  located  farther  out¬ 
board  on  a  tapered  wing.  Then*  is  evidema*  in  inference  29 
that  a  location  ahead  of  and  0.048  semispan  outboard  of 
the  wing  ti])  would  also  give  satisfactory  results  with  a  still 
shorter  boom. 

Flight  calibration  of  the  airsp(*(‘d  installation  is  needed 
regardless  of  the  location  selected  for  the  static  head.  The 
variation  of  Apjqr  in  the  field  of  flow  al)oul  a  wing  is  .such 
that  this  calibration  is  greatly  sim])lifi<*d.  however,  if  a  static 
head  and  its  associated  mount  an'  ns('(l  that  have  an  inherent 
static-pr('ssui‘(‘  (h'fect  {p'  —  p)/qr  which,  ii  not  zero,  is  essen¬ 
tially  small  and  constant  ov('r  tin*  (*ntii‘e  range  of  Mach 
number  for  which  thi'y  will  lx*  used.  I  se  of  such  a  head 
allows  more  simple  and  precise  exU'Usion  of  airs])eed  calil>ra- 
tions  secured  in  level  flight  to  high  si)e(‘d,  high  lift,  and 
high  load  factor. 
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(ii)  KAf  30  symmetrical  iiirfoil  (reference  27).  (h)  Nonsymmetrieul  airfcal  (reference  2i')). 

Figuke  G.— Contours  of  equal  siutic-pressure  defect  A/}/*?  and  angle  of  flow  relative  to  airfoil  chord  f  from  ineasurenienfs. 


LOCATION  OF  TOTAL-PRESSURK  HEAD 

J  otal-prossiiro  heads  should  bo  located  outside  a  rej^ion  of 
onern:y  ehan^^e  siicli  as  tlie  slipstream  or  wak(‘.  For  multi- 
engine  airplanes  a  location  at  the  nose  is  satisfactory.  An 
undeiAving  location  is  esj)ecially  suitable  when  large  changes 
in  Cl  are  eneoimtered  since,  as  shown  in  ligurtvs  o  and  0,  the 
chang{'  in  angle  of  flow  at  tlu'  head  is  small.  Idie  uiuhu'wing 
of  a  typical  high-s])('ed  fight(‘r  airplane  is,  however,  subjt'ct 
to  shock  at  high  values  of  AJach  number  and,  as  shown  in 
reference  30,  the  resulting  loss  of  total  pressure  extends  a 


considerable  distance  btdow  tht'  wing  surfact'.  Although  the 
luaid  could  be  placed  foj*ward  of  th(‘  shock  location,  if  the 
spe(‘d  of  sound  is  exe(‘ed{'d  loeidly  shock  oeinirs  at  the  total- 
pr(‘ssur(‘  orifice  and  tlu'  assumption  of  accurate'  total  ])r('ssure 
is  no  long(\r  justifi('d.  Sinc('  total-j)ressur('  vahu's,  when  in 
error,  are*  too  small,  they  will  tend  to  cause  the  indications 
of  both  airspcf'd  and  Mach  number  to  be*  too  small.  Since 
th(‘  efb'cts  of  shock  on  total  pivssin*('  do  not  I'xtf'nd  u])stream, 
a  location  forward  of  tlu'  leading  edge'  is  di'sirabh*  for  any 
airfoil  for  whi(*h  the  local  How  velocity  exe('(‘ds  the  s])eed  of 
sound. 
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Largi‘  clmiiges  in  angle  of  flow  may  b(‘.  eiieountered  in  tlie 
region  forwai'd  of  the  wing  leading  edge.  1'otal-])j-essur(‘ 
heads  for  this  loeation  must,  therefore,  hv  designed  for  satis¬ 
factory  operation  at  largt'  angles  of  attack  in  order  to  be  a 
reliable  source  of  total  pressure  under  all  (*onditions  of  flight. 
As  shown  in  figures  5  and  6,  at  the  station  0.1c  ahead  of  th(‘ 
leading  edge  the  change  in  angle  of  flow  for  a  change  in  c, 
from  0  to  1.0  is  of  the  order  of  40°  to  50°  and  decreases  to 
17°  at  0.55c  and  i:i°  at  1.0c.  The  angle  of  flow  relative  to 
the  orifice  of  a  leading-edge  total-pressure  head  may  also  be 
estimated  by  the  following  relation  based  on  the  flow  around 
a  flat  plate : 


where  f  is  the  local  angle  of  flow  relative  to  the  chord  at  a 
point  Lie  chords  ahead  of  the  leading  edge  along  the  chord 
e.xtension,  and  Cl  may  be  considered  the  airplane  lift 
coefficient. 

LOCATION  OF  STATIC  VENTS 

For  flight  research,  a  suitably  located  and  calibrated  static 
head  is  the  standard  source  of  free-stream  static  pressure. 
A  frequently  used  auxiliary  or  alternate  sourc’c  of  static  pres- 
sui-e  is  the  static  vent  (flush  static-pressure  orifice).  A  static 
vent  must  be  calibrated  against  a  standard  source  in  flight, 
but  once  a  suitable  location  is  found,  identical  installations 
on  other  airplanes  of  the  same  ty])e  usually  have  the  same 
calibration.  For  the  convenience  of  the  pilot  it  is  customary 
in  service  installations  to  select  a  location  giving  constant 
indicated-airspeed  error,  that  is,  one  for  which  to  a  first 
approximation 

Ay  Constant 

V2po2 

A  promising  location  for  the  static  vent  may  often  be 
found  by  wind-tunnel  tests  of  a  model  of  a  new  airplane;  the 
final  location  must  be  selected  by  trial-and-error  test  in  flight. 
For  conventional  airplanes  a  suitable  location  is  usually 
found  near  the  geometric*  center  line  of  the  fuselage,  forward 
of  the  leading  edge  of  the  horizontal  stabilizer  a  distance 
equal  to  0.1  to  0.2  of  the  over-all  length  of  the  airplane. 
Locations  on  opjmsite  sides  of  the  fuselage,  not  necessarily 
symmetrical  because  of  slipstream  cfrects,  should  be  used  if 
possible,  and  the  static-pressure  line  should  be  (•ounected  to 
the  midpoint  of  a  line  connecting  both  vents.  Such  a  dual- 
vent  system  is  less  subject  to  sideslip  and  slipstream  eflects. 
Checks  should  be  made  foj*  the  eflect  of  flaps  and  for  freedom 
from  the  eflects  of  movable  armament.  For  midtiengiiie. 
airplanes,  a  dual-vent  system  can  sometimes  be  lo{*ated  on 
the  nose,  forward  of  the  propeller  plane. 

LAG  IN  PRESSURE-MEASURING  SYSTEMS 

In  addition  to  the  pressing  deviations  at  the  pressurt'- 
ineasuring  instrument  due  to  the  geometry  ol  the  pitot-stati(* 
arrangement  and  interference  from  neighboring  bodies, 


errors  due  to  lag  may  occur.  When  changing  pressures  are 
involved,  both  the  finite  speed  of  pressure  propagation  and 
the  pressure  drop  associated  with  flow  through  the  tubing 
introduce  a  lag  in  pressure  at  the  indicating  or  recording  end 
of  the  measuring  system.  In  some  instances  the  error  can  be 
serious.  In  dives,  for  example,  lag  tends  to  make  the  pressure 
altitude  at  any  time  too  large,  whereas  the  airspeed  may  be 
made  either  too  large  or  too  small  in  accordance  with  tlu* 
relative  amounts  of  lag  in  the  total-pressure  and  static- 
pressure  systems.  Furthermore,  airspeed  errors  throughout 
a  dive  and  pull-out  may  not  always  be  in  the  same  direction. 

As  long  as  lag  errors  arc  smallcT  than  tiie  other  possible 
errors  in  the  instrumentation,  recorded  or  indicated  pressure 
may  be  assumed  equal  to  actual  pressure  in  the  interpretation 
of  flight  data.  On  the  other  hand,  in  attempts  to  attain 
greater  altitude,  speed,  and  acceleration,  lag  errors  which  are 
too  large  to  be  acceptable  may  be  encountered. 

The  purposes  of  this  section  arc:  to  discuss  the  errors 
which  can  be  introduced  by  pressure  lag,  to  summarize  the 
methods  for  evaluating  the  lag  constant,  to  establish  ci’i- 
lei*ions  and  methods  for  minimizing  the  citois  due  to  lag,  and 
to  outline  a  metiiod  for  correcting  flight  records  for  the 
eflects  of  lug,  should  that  be  necessary. 


MATHEMATICAL  THEORY 

A  general  mathematical  treatment  of  the  response  of  a 
pressure  capsule  and  its  connecting  tubing  to  a  pressure 
change  includes  simultaneous  second-oi*der  partial  differential 
equations  involving  the  physical  properties  of  the  air  in  the 
measuring  system,  the  viscous  damping  at  the  w’alls  of  the 
tubing,  and  the  characteristics  of  the  measuring  instrument. 
Even  w’hen  the  system  is  simplified  by  neglecting  the  mechan¬ 
ical  parts  of  the  instrument,  the  mathematical  treatment 
is  not  simple.  In  many  respects,  however,  the  performance 
of  a  typical  airspeed  system  is  similar  to  that  of  a  damped 
oscillator  of  one  degree  of  freedom  in  that  there  are  condi¬ 
tions  under  which  resonance  may  take  place  (system  undei- 
damped)  and  other  conditions  under  which  it  is  not  possible 
for  resonance  to  occur  (system  critically  damped  or  over¬ 
damped).  The  mathematics  of  such  systems  is  w  ell-known. 
Keference  42,  in  wdiich  a  generalized  recording  instrument 
is  considered,  lists  solutions  for  equations  of  the  type 


in 


„7>(0 


(11) 


for  typical  values  of  the  equivalent  mass  m,  viscous  damping 
R,  and  elastic  constant  1/6’,  and  for  different  types  of  forcing 
function  />(/).  Although  such  solutions  cannot  be  easdy 
used  to  find  the  true  pressure  from  the  iiulicated  pressure, 
they  are  useful  in  showing  the  general  nature'  of  the  resfionsi' 
of  an  airspeed  system  under  diflerent  operating  conditions. 

Airspeed  systems  may  be  resonant  (underdamped)  when 
tubing  is  short  and  the  altitude  low.  If  buffeting  or  oscilla¬ 
tory  pressures  are  being  measur(*d,  an  undeM’damped  system 
wdll  exaggerate  the  amplitude  of  the*  oscillation  although 
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menn  values  are  usually  priveii  correctly.  Wheiieviu-  the 
value  of  a  steady  ju’cssure  elian^es  to  sodk'  oilier  value,  a 
(lamped  transient  oscillation  is  introduced.  Solutions  of 
equation  (11)  indicate*,  houevtu*,  that  for  pr(*ssures  chan^in^^ 
at  a  constant  rate  llie  raU^  of  pressure  change'  is  rt'produced 
correctly  after  the  transient  is  damped  out  and  the  indicated 
pressure  la^s  behind  the  true  pn'ssun*  by  a  time  dependent 
upon  the  product  of  R  and  6’ for  the  system. 

For  most  conditions  under  which  airsfieed  is  measured,  the 
system  is  critically  damped  or  overdaniped.  Jn  these 
instances  too,  for  constant  rat(‘s  of  pressure  chancre  aftc^r  tiu' 
transient  has  di(‘d  out,  the  indicatiMl  prc'ssure  la^^.s  behind 
the  true  pressure  by  an  amount  d(‘terminod  by  the  prodiuR 
R(\  Thus  in  all  cas{‘s,  for  constant  rat(‘s  of  pivssun'  ciianj^i*, 
the  system  behaves  as  if  the  mass  were  zero  and  could  be 
described  by  the  relation 


+//=7)(0  (12) 

Th(‘  assumption  that  (‘(juation  (12)  can  lx*  a])pli(‘d  to  an 
airspe(‘d  system  for  conditions  oliu'r  than  constant  rat(*s  of 
chan^('  leads  to  a  simph*  iinThod  of  corrc'ctin^  j)r(‘ssur(‘  data. 
This  method  depends  only  on  the  indicat(‘d  ])ressur(‘  tin* 
rat(‘  of  charip*  of  indicated  pivssure,  and  the  product  RC 
which  is  the  {‘onstant”  X. 

Another  factor  which  is  often  important  in  airspe(*d  meas¬ 
urements  may  be  termed  tlu'  '^acioustic  la^”  r.  A  pressure 
disturbance  at  om*  end  of  a  tube  do(‘s  not  j‘(‘ach  th(‘  oth(*r 
end  until  a  time  lias  (‘lapsed  equal  to  the  Ivn^^ih  of  ilui  tube 
divided  by  the  sp(‘(‘d  of  pressure  projiagation  (sound)  in  the 
tube'.  Tims,  in  general, 


A  satisfactory  ajiproximation  for  •;^ifi-inch  inside-diameter 
rubb(T  tubing  is  that  r7~100()  feet  pc'r  se(‘ond. 

Tlie  acoustic  lag  acts  simjily  as  a  shift  in  phase;  tlu'refore, 
a  more  generally  applicable  form  of  equation  (12)  is 

(14) 

Fcjuation  (14)  stal(‘s  that  tin*  true  jiri'ssurc*  at  any  tinu'  / 
is  equal  to  the  indicat(‘d  ])r(‘ssure  at  th(‘  corr(‘s])onding  tinu‘ 
f-hr  plus  the  product  of  X  and  tlie  rate  of  change  of  indicated 
])r(*ssure  at  the  ti]n(‘ 

Tlie  applicability  of  tin*  approximations  involved  in 
equation  (14)  to  pn'ssure  measur(‘ments  in  flight  is  illustrated 
by  an  (‘xtivmc  case  in  figure  7.  Tin'  lowc'r  solid  line  is  the 
recorded  pn'ssiu’e  p'{f)  during  a  ])]’essure  surge  of  bO  im'lu's 
of  wat('r  per  sc'cond  or  a  simulated  dive  at  a  rale  of  11, ()()() 
fe('t  per  si'cond  from  a  base  ]m‘ssure  altitinh'  of  Mo. ()()()  h'et  I 
as  recorded  by  an  AACA  airs])(‘(‘d  ircoi’der  through  (SO  hx't  of 
■'ifAnrh  insid('-diameter  rublx'r  tubing.  Tiie  ui)per  solid 
line  is  the  true  prc'.ssun'  p(i)  as  nn'asured  simultaiK'ously  by 
a  similar  recorder  with  no  tubing.  Aote  that  the  indicateci- 
pressurc'  rise  began  -  s(‘conds  afU'r  tlu'  stait  of  the 


r'Ka'KK  7.—  Dillrn'iKt*  ilu<'  to  lac  betwofn  irtu'  atJd  recorded  pmssun*  and  rosiilt  of  rnakinc 
forn'C’tion  for  Inc  by  iiso  of  cfUHdion  (14). 

true-])r(‘ssure  j'ist'.  Tlu^  curve  lalx'led  r('])rescnts  the 

indicated  pressure  shifted  in  phas(‘  rsi'conds  toward  the  origin. 
The  curve  labeled  correct('d  ])r(‘ssure  was  oblaiiu'd  by 

adding  to  p'{f^T),  tin'  value  of  X  Ix'ing  deter- 

miiu'd  by  tin'  nu'thods  outlined  in  the  st'ction  entith'd 
“Determination  of  Lag  Constant  l)y  Ex])erimental  Methods.” 
Tin'  nature  of  tin'  original  pressure  change  has  bcf'ii 
determined  with  satisfactory  ])recision  from  the  ivcordf'd 
pn'ssure  and  a  knowledg('  of  the  system.  If  the  acoustic, 
lag  is  small,  the  })hase  shift  r('])r(*sent('(l  by  tln^  dashed  liru' 
could  h('  omitted  and  equation  (14)  bef'onu's  (as  in  j’efer- 
enc(‘s  40  and  40) 

7;(0=//(/)  +  x'.M  (15) 

As  shown  in  refereiici'  40,  ecjuation  (12)  or  (15)  can  l)e  d('- 
riv('d  and  the  lag  constant  X  can  be  simply  computed  on  the 
basis  of  the  assumptions  that  pressure  changes  take  place 
according  to  the  adiabatic  law,  that  tin*  Ilagen“lk)iseuille 
law  tlescribf's  the  viscous  fonx's  (and  thus  the  flow  is  laminar), 
that  the  distributed  n'sistaiu'cs  and  volumes  of  the  system 
can  be  lumj)ed  together  in  a  total  r(‘sistanc(‘  A  and  a  total 
capacitance  C\  and  that  m  and  r  may  be  ignoi’ed.  The  fol¬ 
lowing  relations  then  apply: 


\=Ra 


(10) 


32mA 
^  IRA 


(IV) 


r 


ritiul 


V 

IP 
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yp 


yp 


(18) 


(18a) 


Equation  (IS)  a])pli('s  to  rigid  containers  and  e(jua- 
tion  (ISai  a])j)li('s  to  ('lastic  conlaim'rs  such  as  aix'roid 
(■apsides  for  which  I  In*  volimu'  may  lx*  taken  as  a  linear 
function  of  tlx'  ])ressuri': 
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T1h‘  o(iuivaleiit  ri^od  voIuiik — that  is,  the  volume  of  n 


rigid  container 

having  the  .same  capacitance 

as  tlu-  elastic 

container — can 

be  expressed  as  follows: 

Since 

i'c  =  Vi)+Byp 

(19) 

1! 

(20) 

in  the  limiting  cas(‘,  ec|Uutioii  (18a)  reduces  to  equation  (18) 
as  B  approaches  zero. 

In  the  application  of  relations  for  R  and  0  to  a  parti(*ular 
installation,  value's  of  p  and  m  should  he  used  which  corre¬ 
spond  to  the  pressure  and  temperature  at  which  measun'- 
ments  are  made.  For  comparison  of  pressure-measuring? 
systems  it  is- convenient  to  use  values  of  p  and  ^  coi respond¬ 
ing  to  sea-level  (*onditions  in  the  standard  atinospliei  e,  in 
which  case  the  lag  constant  is  denoted  by  Xq.  A  consistent 
system  of  units  must  he  used.  Where  necessary  to  dis¬ 
tinguish  between  dimensions  of  tubing  and  aneroid  capsule, 
th(‘  subscripts  i  and  a,  respectively,  are  used  and  the  sul)- 
script  c  refers  to  the  air  spa(!e  in  the  case  surrounding  the 
capsule. 

The  constant  7  is  included  in  equations  (18),  (18a),  and 
(19)  through  the  assumption  that  pressure  changes  take 
plat'e  adiabatically.  In  the  absence  of  experimental  data 
on  the  speed  of  sound  in  tubing  of  small  diameter,  the 
isothermal  relation — that  is,  7=1  (as  used  in  fefereiico  40) 
which  makes  use  of  a  dimiiiislied  speed  of  sound,  can  b(‘ 
assumed  to  apply  to  such  tubing  since  the  amount  of  gas  neNt 
to  the  inner  surface  is  a  hu-g(‘  proportion  of  the  total  amount. 
With  tubing  of  ?ifi-inch  inside  diameter,  unpublished  tests 
at  the  Langley  Laboratory  indicate  that  the  adiabatic 
relation  more  Clearly  applies  for  the  pressure  changes 
encountered  in  airspeed  measurement. 

For  a  pressure  measuring  instrument  and  the  connecting 
tubing,  the  general  relation  \—R^  becomes 


“  IP  A 


(21) 


In  the  development  given  in  reference  40,  r,  has  been 
neglected  as  ])eing  small  com])ared  with  r„.  This  solution 
leads  to  an  ex])ressioii  in  whicdi  X  varies  inversely  as  the 
fourth  power  of  the  tubing  diameter.  Such  an  expression 
does  not  apply  to  tyjiical  NACA  recording  instruments  01 
others  of  small  volume  or  to  standard  ])anel  instruments  with 
long  connecting  tubing. 

Substituting  LA  for  Vt  and  vA/A  for  in  equation  (21) 
results  in  the  following  (‘(jualion  for  use  with  aircraft 
instruments: 


X=- 


32mL- 

IPyp 


(22) 


In  the  application  of  (‘quation  (22),  since  r/A  has  the 
dimension  length,  the  instrument  volume  can  be  conveniently 


expressed  as  v/A  feet  of  equivalent  tube  length.  For  instru¬ 
ments  of  small  volume  a  convenieiit  ap]U’oximation  foi 
equation  (22)  is  obtained  by  ignoring  the  parenthetical  part 

of  the  expression  and  sui)stituting  for  U  the  value  ’ 

(See  i“(*ference  49.)  The  vahu'  v  should  Ix'  (h'terniiiu'd  b\ 
equation  (19)  with  allowance  for  the  elasticity  of  th(‘  caj)- 
suh'.  Often,  as  stated  in  reference  40.  no  allowance  lux'd 
be  made  for  elasticity,  but  for  capsules  of  high  sensitivity 
th(‘  incn*as(‘  in  effect ivi'  volume  due  to  lh(‘  term  Byp 
b(^  large  as  shown  in  tlu'  following  table: 


IClllMi  PUpSlllc 
SMisit-iviiy 
(In.  IljOj 

' 

K(}uiviiU‘iil 
rmid  volunio 

Itl  St'll  IcVt’l 

(fl  >) 

Kiiuivalpnt  ri^ld 
voluiiu*  at 
30.0011  ft 
(ft  ’) 

Ktiuivulrnt  itibo  i  Kfiiiiviili'nt  tuln- 
li^nKlluit  si'll  level  lenutli  at  30,(KMtrt. 
(ft  of  ^til-ill,  i  (ft  of  ^'id-ill. 

1.  1).  tuhiim)  1-  D-  tubinn) 

j  :1I) 

j  loi) 

27.5X10-* 

7.  K 

5. 

3.8 

3.0 

2.5 

u.oxio-‘ 

5.  1 

i.  1 

iU 

1.0 

14.4 

A.  1 

2.  St 

2.  0 
l.r, 

1.3 

4.7 

2.7 

2,  1 

1.3 

1.0 

.0 

Values  in  the  foregoing  table  were  com])uted  from  equation 
(19).  The  constmit  B  is  computed  from  tlu'  capsule  diameti'r 
in.)  on  the  assumption  that  the  rated  pressure  corn'- 
sponding  to  a  deflection  of  0.040  inch  at  the  center  of  the 
ca]>sule  causes  it  to  expand  as  a  cone.  The  value  1.2X10  ^  feet’ 
for  the  volume  is  applicable  to  NACA  instrument  caiisules. 
For  the  case  surrounding  the  capsule  ro=7.5X10  *  feet^ 
Values  of  lag  constant  at  sea  level. — Tlie  value  of  X  under 
sea-level  conditions  for  a  number  of  instruments  and  instru¬ 
ment  combinations  has  been  plotted  in  figure  8  as  a  func¬ 
tion  of  length  of  ?ffi-inch  inside-diameter  tubing.  Values 
of  X  for  NACA  recording  instruments  are  derived  from 
equation  (22)  by  use  of  representative  values  for  vJA  of 
1  foot  and  fov\\/A  of  4  feet  for  the  capsule  and  case, 
respectively.  Values  used  for  the  volume  of  the  stand¬ 
ard  ])anel  instruments  are  as  follows: 


!  i 

Volume 

j  In.struracnt 

(cu  ft) 

80X10-* 

Airsfieeil  indicator: 

10  i 

Staric-prc.s.siirc  side  . 

1(H)  1 

Mach  meter  - statie-pre.ssnrc  side . . 

ApproximaK'  values  of  Xo  for  other  tube,  diamc'ters  1)  can  be 
found  by  multiplying  valms  of  Xq  (from  fig.  8)  by  the.  i-atio 

Qfj  wliere  the  value  of  7>  is  given  in  inches. 

For  use  in  determining  tlu'  acoustic  lag  r  for  any  length  of 
tubing,  the  diagonal  straight  line  has  l)een  included  in 
figure'^S.  Values  of  t  an*  based  on  the  a])i)roximation  that 
the  speed  of  sound  in  ;if.-inch  inside-diameter  tubing  L 
1000  feet  ])er  second. 
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Altliough  valu(*s  of  Xq  for  a  particular  installation  as 
determined  from  figure  8  may  not  be  directly  applicable  to 
surges  when  the  installation  is  in  an  underdamped  condition, 
they  will  be  applicable  to  steady  changes  of  pressure  after 
the  transient  oscillation  has  died  out.  When  the  value  of 
Xo  is  corrected  for  th(‘  variation  of  p  and  m  with  altitude,  for 
most  airspeed  systems  X^r;  thus  the  system  is  citlun* 
critically  damped  or  overdamped  and  this  corrected  value  of 
X  may  be  applied  directly  to  flight  data  througli  use  of 
equations  (14)  or  (15). 

Variation  of  lag  constant  with  altitude. — Equations  (17) 
and  (18)  for  R  and  Vindicate  that  X  will  increase  with  increas¬ 
ing  altitude  (decreasing  pressure)  and  that  it  will  decrease 
with  decreasing  viscosity  (decreasing  tem])erature) .  Most 
experimental  methods  for  measuring  X  that  simulate  dillerent 
pressure  altitudes  do  not  involve  changes  in  temperature. 
The  relation  between  values  of  X  obtained  under  such 
conditions  of  simulated  pressure  altitude  and  the  value  of  X 
under  standard  sea-lev(‘l  conditions  can  be  expressed  as 

X=Xo^”  (2:0 

P 

For  flight  conditions  tlio  relation  is 

(24) 

P  Mo 

Values  of  X/Xofrom  equations  (23)  and  (24)  have  been  plotted 
in  figure  9  as  functions  of  pressure  altitude  for  the  standard 
atmosphere  by  using  values  of  viscosity  taken  from  refer¬ 
ence  10. 

DETERMINATION  OF  LAG  CONSTANT  DY  EXPERIMENTAL  METHODS 

Although  the  lag  constants  of  a  total-  or  static-pressure 
installation  may  be  calculated  with  satisfactory  accuracy 
when  the  geometry  of  the  system  and  the  reference  pressure 
are  known,  it  is  often  desirable  to  determine  X  by  experiment. 
Methods  are  available  that  depend  upon  measurements  of 
the  response  .when  an  instantaneous  pressure  change  (step 
function)  of  magnitude  |A/>|  takes  place  or  when  the  rate 
of  pressure  change  can  be  controlled.  Since  X  increases 
markedly  with  altitude,  laboratory  t(‘sts  are  best  made  under 
conditions  of  simulated  pressure  altitude  corresponding  to 
the  highest  altitude  at  which  flight  tests  will  be  made. 

Laminar-flow  condition. — In  the  measurement  of  X,  the 
basic  assumption  that  the  flow  is  laminar  should  not  bo 
violated.  As  shown  in  reference  40  the  relation  between 
pressure  drop,  Reynolds  number,  and  the  dimensions  of  thc! 
tubing  may  be  expressed  as 

(O'.) 

L  p 


values  of  Re  much  greater  than  2000,  equation  (2.),)  may  be 
written  as  a  condition  for  laminar  flow: 

At  sea  level, 

(in,  H,0/ft)  (2f)a) 

J-J  If 


At.  50,000  feet, 

l^'l  g  (in .  H.O/ft)  (2(ib) 


For  ?(frinch  (O.OISO  ft)  inside-diameter  tubing  the  require¬ 
ment  therefore  is  that  the  step  function  shoM  not  exceed 
0,10  inch  of  water  per  foot  of  tubing  at  sea  level  or  0.8  inch  of 
water  per  foot  at  50,000  feel. 

The  limitation  expressiul  in  equation  (25)  can  be  ('xtended 
to  an  arbitrary  ])ressure  variation  by  using  the  valine  of  Ap 
from  equation  (15),  by  making  tlu'  conservative  sul)stitution 
of  dpldt  for  dp'/dt,  and  by  using  the  valu<‘  of  X  from  (‘(piation 
(22)  as  follows: 


dp  2000Mavl 
df  =  D(v+LA) 

Whence,  at  sea  level, 


dp  180 A 

'di  =  1J{v+LA) 


(in.  HoO/sec) 


(27) 


(27a) 


and  for  a  small  capsule  volume  for  which  v<^  LA, 


J  (ill.  HsO/sdc)  (27b) 


In  the  det  ermination  of  X  by  methods  (2)  and  (3)  of  the  follow¬ 
ing  section,  much  higher  values  of  dp/dt  than  those  encoun¬ 
tered  in  flight  may  be  used  without  exceeding  conditions 
for  laminar  flow. 

Theoretical  basis  for  measurement.~”Thre(‘  simple 
methods  of  measuring  X  are  based  on  the  solution  of  equation 
(15)  for  different  initial  conditions  and  on  the  assumption 
that  equation  (15)  applies  exactly  to  thc  particular  installa¬ 
tion.  In  the  measurement  of  pressure  diflerences  or  elapsed 
times  it  will  usually  be  necessary  to  allow  for  r  as  outlined 
in  connection  with  the  discussion  of  figure  7  in  the  section 
entitled  ‘‘Mathematical  Theory.’’  The  three  methods  are 
as  follows: 

(1)  When  the  applied  pressure  is  changed  instantaneously 
from  Pi  to  p2  (stej)  function),  tlie  indicated  i)ressurc  changes 
as  an  ex])onential  function  of  time: 

P2~P\ 

or 


~t/x 


Since  laminar  flow  in  a  straight  tub(‘  cannot  be  assum(‘d  lor 


P2-P1 


(28) 
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When  the  applied  pressure  is  change  instantaneously,  then'- 
forc,  X  is  the  numlx'r  of  seconds  in  which  the  diflcrence 
between  the  iiulicated  and  applied  pressures  is  reduced  to 
Xje  (0.308)  times  its  initial  value. 

(2)  Solution  of  equation  (15)  for  a  constant  rate  of  cliant^(‘ 
of  pressure  (reh'reiux's  40  and  42)  shows  that,  when  the 
applied  pressure  has  been  chanj^in^  at  a  (*onstant  rate  for  a 
time  lon^  enoufrh  for  conditions  to  become*  steady,  X  is  the 
number  of  seconds  between  tlie  time  when  the  ap])lied  pres¬ 
sure  attains  a  given  value  and  the  time  when  the  indicated 


pressure  reaches  this  valiu*. 

(3)  Equation  (15)  provides  tlie  basis  for  a  method  of  deter¬ 
mining  X;  that  is,  wlien  the  appli(*d  ])ressure  is  anj^  arbitrary 
function  of  time,  X  is  the  difference*  between  applied  and 
indicated  pressures  divided  by  the  rate  of  change  of  indicated 


pressin 

Any  value  of  lag  constant  d(*termined  on  tlie  basis  of  tlu* 
foregoing  methods  is  applicable  for  tlu*  temiierature  and 
base  pressure  of  the  test  but  sliould  h<^  corrected  to  sea-lev’(‘l 
conditions  by  means  of  either  equation  (24)  or  figure  9  in  ord(‘r 
to  obtain  a  valm*  of  X(,  for  use  in  the  analysis  of  flight  data. 


All  the  methods  are  subject  to  the  limitations  that  the 
equivalent  mass  and  acoustic  lag  of  the  system  have  been 
ignored  and  that  equation  (15)  has  been  applied  to  a  system 
that  is  a  damped  oscillatory  system.  Although  usually 
justified  as  a  practical  step  in  airspeed  measurement,  the 
assumption  of  tin*  ap])licability  of  equation  (15)  is  not  valid 
for  the  transient  oscillation  observed  when  a  step  function 
is  applied  to  an  underdainped  system  (X<t).  Although  a 
value  of  lag  constant  X  can  be  determined  from  tlu*  oscilla¬ 
tion  by  other  methods  (see  reference  42)  it  would  not  differ 
greatly  from  a  value  obtained  from  equation  (22)  or  figure  8. 
If,  for  such  a  system,  lag  cannot  be  ignored  as  a  source  of 
error,  either  the  step  function  should  he  applied  at  a  pre.ssure 
altitude  sufficiently  great  to  make  the  system  critically 
damped  or  overdamped  or  method  (2)  should  be  used. 

Procedure  for  use  with  indicating  instruments. — For  the 


static  line  and  connected  iastruments,  the  lag  constant  Xp 
may  be  determined  by  applying  a  step  function  A/tp  to  the 
altimeter  system  and  by  timing  the  change  in  indicated  alti¬ 
tude  with  a  stop  watch  to  1/c  (0.368)  times  the  initial  step 
value.  If  A/ip  is  500  feet,  is  tlu*  time  required  for  a 
decrease  of  31G  feet.  Alt(*rnative]y,  if  sufficient  suction  is 
applied  at  the  stat  ic  orifices  to  give  a  leading  of  100  miles  pei* 
hour  at  the  airsp(*ed  indicator,  X,,  is  tlu*  tinu*  requiri*d  for  a 
decrease  fo  61  miles  per  hour,  or  one-half  the  time  for  a 
d(*crease  to  37  miles  ])er  hour  when  the  suction  is  suddenly 
r(‘Ieas(*d.  For  a  grou])  of  instruments  coniu*ct(‘(l  by  short 
tub(*s  and  tlu‘n  to  a  common  orifice,  the  volunu's  art*  additivi*, 
and  Xp  determined  from  any  instrument  ap])lies  to  all. 


For  the  total-pressure  system,  the  lag  constant  X//  may 
similarly  be  found  l)y  applying  a  pressun*  to  the  pitot  orifice 
sufficient  to  give  a  reading  of  100  miles  per  hour  at  the  air- 
s))(*(‘d  indicator  and  by  timing  the  change  in  indication  as  for 
the  static  line.  Because  of  the  small  volume  of  the  airspeed 
capsule,  \fj  ordinarily  is  much  less  than  Xp. 

For  instruments  of  small  volume  with  short  liiu's,  a  ste]) 
function  large  enough  to  ensure  accurate  measurements  some¬ 
times  cannot  be  applied  without  violating  the  Reynolds  num- 
b(*r  criterion  of  equation  (26).  Jn  such  cases,  several  difb*r- 
ent  st(*p  functions  can  be  used  and  a  plot  of  X  against  tlu*  siz(* 
of  tlu*  st(‘p.  whi‘n  extrapolat(‘(l  to  zero  st(*}),  gives  a  usable, 
result  (n*f(*renc(*  47). 

Procedure  for  use  with  photographic  records.  Ihe  basic 
])rocedure  for  determining  X  is  to  apply  to  the  open  end  of 
the  system  a  known  suction,  to  release  it,  and  to  determine 
from  the  film  record  the  time,  required  for  the  initial  difter- 
enc(*  to  fall  to  1/e  (0.368)  times  its  initial  value,  or  one-lialf 
the  time  to  fail  to  13  ])(*r(a*nt  of  the  initial  vahu*.  llu*  film 
speed  should  hi;  as  high  as  jiossible  and  provision  should  be 
made  for  placing  timing  impulses  on  the  record.  When  nec¬ 
essary,  X  may  lu*  (h'termined  for  a  range  of  step  function, 
and  extrapolated  to  zero  step. 

Use  of  an  arbitrary  pressur('  variation  for  <ietermining  X 
requires  two  instruments  that  may  record  either  on  one  film 
or  on  separate  films  with  simultaneous  time  records.  The 
two  instruments  should  be  connected  to  the  same  sourc’e  of 
pr(*ssure  variation  through  a  Y-connec.tor.  One  (*.onnection, 
as  short  as  possible,  is  assumed  to  measure  tlu*  triu*  ])ressure 
at  any  instant;  tlu*  oth(*r  instrument  and  connecting  line 
show  the  effects  of  both  pressure  and  acoustic  lag.  Time 
histories  of  tlu*  two  records  give  values  of  p,  p',  and  dp  /di; 
these  values  substitiited  in  equation  (14)  or  (15)  yield  values 
of  X. 

CORRECTIONS  OF  FLIGHT  DATA  FOR  LAG 

Pressure-altitude  and  static -pressure  measurements. 
During  a  changi*  of  altitude  a  time  record  is  secured  of  p  , 
the  nu*asure<l  static  ])r(*ssur(*.  The  error  due  to  lag  Apx  in 
assuming  that  p'  is  equal  to  p,  the  pressure  at  tlu*  static 
])r(*ssure  orifices,  may  be  written 


p'~~p=-K 


dp' 

di 


X 


X  dp'  , 
"0  (It 


(29) 


Eejuation  (29)  shows  that  tlu*  error  is  directly  ])ro])ortional 
to  dp'/dt  and  increases  with  altitmle.  In  tlu*  evaluation  of 
Apx  for  tlu*  (‘oiTcctioii  of  iirc'ssun*  data,  the  rati*  of  ])ressure 
change  dp'tdt  along  with  p'  is  (i(*termined  from  the  flight 
r(‘cords.  X'aliu's  of  X/Xo  (fig.  9)  corresponding  to  p'  instead 
of  to  p  may  usually  ix*  us(*d  without  introducing  errors 
greater  than  the  uncertainty  in  tlu*  (orrection  itself.  Sonu*- 
tinu'S  a  method  of  successive  approximations  must  be  used. 
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A  fliart  such  as  li<;uiT  10  ofl'ers  a  sinij)lc  method  of  evaiuat- 
ing  equation  (29j.  Tiie  lines  that  reprc'sent  th(‘  term  X/X,, 
in  equation  (29)  have  been  labeled  with  tlu'  value  of  pressun' 
altitude  to  which  they  are  a])plicable. 

The  error  due  to  lag  in  statiespressun*  or  pressure-altitmh' 
determination  for  a  particular  rate  of  descent  may  be  deter¬ 
mined  in  advance.  Th(‘  basic  differential  relation  between 
pressure  and  altitude  in  the  atmosphere  —pr;  dh  may  b(‘ 
written  by  means  of  the  gas  laws  in  terms  of  rate  of  change 
as 


1  (ip_  _  1  dlt 
pdt^  RTdt 


C^O) 


In  terms  of  sea-level  temperature  To  and  any  otlnn*  tinnpc'r- 
ature,  equation  (;^0)  is  equivalent  to 


i 

p  dt 


1  Todh_ 
RTo  T  dt  ~ 


-:b616X10-^ 


Todh 
T  di 


(31) 


Impact-pressure  measurements. — In  reference  40  approxi¬ 
mate'  equations  for  the'  efiect  of  lag  on  the  j*eadings  of  an  air- 
speani  indicator  are  develo])ed.  Tlu'se  equations  show  that 
tlu'  error  is  a  resuhant  of  two  terms — a  climb  term,  chiefly  a 
fuiKdion  of  changes  of  static  i)ressure,  and  an  acceleration 
t(‘rm  associated  with  changes  in  speed.  Since  pr(‘cis('  evalua¬ 
tion  of  flight  data  invoive's  the  (hdermination  of  the  impact 
])re.ssure  and  the  static  pressure  p  and,  from  the'  ratio  qjp, 
the  Mach  number,  a  more  detailed  analysis  is  needed  to  show 
under  what  conditions  corn'ctions  to  flight  ])ressure  data  may 
be  necessary  on  account  of  lag.  This  analysis  also  gives  a 
basis  for  ])lanning  an  instrument  setup  to  minimize  the 
errors  du(‘  to  lag. 

Jjet  p  denote  the  static  pressure  at  the  static  orilic(‘s,  atid 
let  ]l~p-\-q^  denote  the  total  pressure.  At  the  differential 
pressure  recorder  a  record  of  q/  is  made  for  which 

q/^ir^p'  (35) 


Substituting  values  of  X  and  dp/dt  from  equations  (24)  and 
(31),  respectivel}^  in  (‘quation  (29)  gives 

7/-7<=1.47X1()-%„  (in.  H.O)  {;52) 

Since  pTolfXoT  in  the  standard  atmosphei’e  varies  between 
1.0  and  1.05,  the  error  in  static  pressure  at  any  altitude  may 
be  approximated  by 

(in.  II^O)  (;j;5) 


At  the  same  time,  the  altitude  record  of  p'  is  made  inde- 
})endently,  usually  on  the  same  film  strip  or  with  an  adjacent 
altimeter.  A])plying  equation  (15)  to  equation  (35)  gives 

,  ,  dll'^  dp'  . 

No  record  of  IT  is  made;  but,  since  at  any  time, 

ir=^q/+p' 

then 

dll^  _dq^.dp' 

dt  dt  dt 


where  dh/dt  will  have  negative  values  during  a  dive. 

Since  the  magnitude  of  dh/dt  for  a  fighter  airplane  rarely 
exceeds  800  feet  per  second  during  a  dive,  equation  (33)  may 
be  written  as 


This  equation  indicates  a  maximum  value  for  X;,^  d-04  if 

the  error  in  static  pressure  is  to  be  limit ('d  to  0.5  inch  of  water 
during  very  high  speed  dives. 

For  standard  altimeters,  the  error  in  ])ressure  altitude  is 


and  equation  (35a)  becomes 


,/-a-r+K-f 


dj>'  dqj 

~yj  A//  — jT 


dt 


dt 


(35b) 


But  the  true  impact  pressure,  and  except  for  coi- 

rections  due  to  the  flow  about  the.  static  head  which  can  be 
made  independently,  the  usual  assumption  that  q/~qc 
therefore  involves  an  error  due  to  lag 


<Zr' 


(3b) 


X  dhf, 
^'0  Xo  dt 


(34) 


Equation  (34)  indicates  that  for  a  constant  rate  of  descent  the 
error  du(‘  to  lag  increase's  with  altitude;  for  example,  the' 
value  at-  30,000  hn't  is  2.8  tinu'S  as  large  as  the*  sea-le’ve*!  value* 
and  at  00,000  feet  is  11.1  times  as  large'.  (S(*e  fig.  9.) 


The*  })re’ssur(*  in  the  te)tal-]}ressure  line  is  greater  than  that  in 
the  static  line  by  an  amount  equivalent  to  e/r  or  q/.  The  lag 
constant  of  tlu*  statie’-pre'ssure^  system  may  be  exprexssed  as 
the  following  moelification  of  equation  (24): 


X„-X 


^'0 


A 

fioP  Xd 
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For  the  total-pressure  system  if  set^oiid-order  effects  ar(‘ 
<iisrepirdedj  the  correspondint^  expression  is 


M  P(' 

M  _p> 

"  Mo  ([/y  P‘ 
!>'  ' 


1 

^0  j  ,  !// 

v' 


(37) 


Tlie  true  impact  pn‘ssun‘  7^  may,  tlieref()r(\  Ix'  derived  from 
fiitrlit  records  by  tlu*  fo]lo\vinj>:  relationsliip  involving:  iiK'asuF- 
able  (juantitu‘s: 


( 

a/  \ 


1  -r^ 
L-  p- 


dp' 

(It 


dp'^ 

^  '(Lt  ) 


X 

Xo 


(3S) 


Tile  variation  of  X/Xo  witli  ])ressiire  altitude  in  tlie  standard 
atmospliere  may  be  oiilained  from  %urc  9. 

The  rates  of  pressure'  change  in  equation  (38)  can  be  ex¬ 
pressed  in  terms  of  M,  dM  jdt,  hj,,  and  dh^^/dt.  In  tlie  result¬ 
ing  expression  tlie  term  containing  dM jdt  is  multiplied  by  a 

factor  which  is  approximately  equal  to  1  at  high¬ 

speed  and  altitude,  the  condition  under  wliich  lag  is  of  most 
significance.  Equation  (38)  may  therefore  be  expresse'd  as 


Climb 

term 


Xy/o  ^  -  dA 


Acceleration 

term 


r 

r  ''  v 


Xp,^(in.  HoO) 

(39) 


Equation  (39)  can  be  used  to  find  out  in  advance  whether 
for  any  planned  maneuver  the  error  in  due  to  lag  will 
exceed  any  specified  standard  of  accuracy. 

The  ratio  is  significant  in  determining  the  relative 

magnitudes  of  climb  and  acceleration  terms.  E(i nation  (39) 
shows  that  in  rate-of-climb  testing  since  dAI/df  may  Ix' 
ignored,  zei'o  impact-pressure  erroi-  due  to  lag  may  be 
achieved  by  balancing  th(^  lines,  that  is,  by  increasing  X//^ 

until  ^’=1,  During  div(‘  testing,  however,  balancing  the 
lines  can  result  in  larger  lag  errors  than  those  that  were])resent 
before  balancing.  During  a  dive,  at  the  peak  Mach 

^  ^  P  p  ^ 

number  -  =  0  j  if  1  a  characteristics  of  tlu'  instru 

numtation  Avlnch  may  lx*  desirable  under  some  conditions. 

Tlu'  Mach  number  error  AT — Af  which  woidd  result  from 
the  evaluation  of  qj Ip'  for  any  specified  maneuvex*  without 
correction  for  lag  can  be  computed  from  equations  (39),  (33), 


and  (4).  Tlu'  error  in  A1  that  would  result  from  the  use  of 
such  uncorrected  data  is  shown  in  figure  1 1  as  the  time  his¬ 
tory  of  AA/  during  a  dive  to  a  Mach  number  of  0.8,  a  dive 
that  is  representative  of  the  ])erformance  of  high-speed 
fighter  airplanes.  The  error  is  shown  for  a  static-])ressure 
system  with  Xp^j=0.1  which  is  representative  of  panel-type 
instruments  in  airplanes  of  fightc'r  size',  and  for  four  difierent 
values  of  which  range  from  the*  limiting  minimum  of 

zero  to  a  maximum  0!  Lo,  the  value  for  whic-h  the  error  in 
Mach  number  should  br  /.(‘ro  when  AI=i).S  and  d-  The 

time  historic's  of  AAI  for  the  dive  and  rc'covc'ry  show  large 
change's  in  magnitude  and  also  change's  in  sign.  In  general, 
if  this  dive'  had  bc'en  performc'd  at  a  difrerc'ut  altituele,  the 
eri'or  would  have'  varieel  approximate'ly  inverse'ly  with  the' 
static*  prc'ssure.  For  e'.xample,  if  the  altitude'  had  bc'cn  about 
()5,000  feet,  the'  errors  would  have'  been  about  sc'ven  times  as 
great.  The  Mach  iiumbeu’  error  is  also  directly  j)i‘oportional  to 

X/,,,,  as  is  shown  by  the  dotted-line  curve  for  X^j^==0.5, 

the'  ordinate's  for  which  are  appi'oximately  five  time's  as 


great  as  for  the  soliel-lino  curve  for  ^’=0.5,  X^^^ 

Xn  . 


The  lag  errors  shown  in  figure 


0.1. 

11  for  the  condition  for 
For  most 


^=0.5  could  usually  ])e  ignored  if  Xp  ^0. 

practical  installations,  as  shown  by  figure'  8,  the  use  of 
/16-inch  inside'-eiiameter  tubing  is  required  to  obtain  values 
of  Xp^j^O.I.  Higlu'r  speeds  and  altitudes,  howe'ver,  neces¬ 
sitate  e*orrections  or  special  care  in  keeping  the  lag  constant 
small. 


J'KJUKK  11,— 'I'iriU'  history  of  Mach  luimhor  error  duo  to  lap  for  roprosentativo  values  of  lap 
constant  during  typical  tlivc  and  recovery  of  a  hiph-speetl  flphter  airplane. 
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methods  for  reducing  lag 

Since  correction  of  flight  data  for  lag  effects  may  involve 
considerable  labor,  the  lag  constants  of  the  total-  and  static- 
pressure  svstems  should  be  reduced  so  that  no  corrections 
are  necessary.  In  order  to  reduce  the  length  of  tubing  it 
may  be  necessary  to  relocate  instruments.  Photo-observers 
or  automatic-recording  instruments  may  be  located  in  a 
wing  to  eliminate  a  long  line  from  a  total-  or  static-pressure 
head.  For  research  pur])oscs  separate  installations  for  the 
pilot’s  indicating  instruments  and  the  instruments  installed 
in  a  photo-observer  are  often  desirable  in  order  to  reduce 
the  volume  of  instruments  attached  to  one  line.  Extra 
volume  in  instrument  cases  may  be  reduced  with  fillers. 

For  rate-of-climb  or  glide  testing  it  may  be  desirable  to 
make  the  lag  constants  of  the  total-  and  static-pressure 
systems  equal.  In  practical  applications  it  is  usually  neces¬ 
sary  to  increase  the  lag  constant  of  the  total-pressure  system. 
Either  length  or  volume  may  be  added,  but  additional  volume 
in  the  system  does  not  increase  the  value  of  r.  A  quick 
check  for  balance  is  to  apply  a  pressure  from  a  single  source 
to  both  static-  and  total-pressure  orifices.  When  this 
pressure  is  suddenly  released,  the  differential-pressure 
indication  is  not  steady  if  the  lines  are  unT^alanced .  Little 
or  no  advantage  is  obtained  by  balancing  the  lines  for  high¬ 
speed  dive  tests. 

The  fact  that  the  increased  accuracy  that  corresponds  to 
low  values  of  X  may  be  offset  by  the  presence  of  surges  and 
transients  in  an  underdamped  system  must  be  considered 
in  the  design  of  airspeed  systems.  Wliether  a  particular 
installation  is  underdamped  can  be  determined  by  a  com¬ 
parison  of  values  of  r  from  figure  8  with  values  of  X  obtained 
from  the  product  Xo(X/Xo)  from  figures  8  and  9.  The  relation 
for  critical  damping  \—t  (reference  46)  may  be  written  by 
use  of  equations  (13)  and  (22)  as 


Systems  with  tubing  shorter  than  that  given  by  equa¬ 
tion  (40)  are  underdamped;  those  with  longer  tubing  are 
over-damped.  The  length  of  tubing  for  critical  damping 
decreases  rapidly  with  an  increase  in  altitude  and  is  54,  18, 
and  4  feet  at  sea  level,  35,000  and  65,000  feet,  respectively. 
These  values  apply  to  ?i6-inch  inside-diameter  tubing  and 
are  based  on  the  assumption  that  v  may  be  neglected  in 
equation  (40). 

Because  of  the  small  values  of  Lcr  at  high  altitudes, 
resonant  effects  are  not  a  problem  with  the  \isual  aii-speed 
system.  For  flight  at  low  altitudes,  in  gusts  or  turbulent 
air,  and  under  landing  conditions,  critical  damping  or  ov(*r- 
damping  of  both  total-pressure  and  static-pressure  systems 
may  be  desirable  since  the  correction  for  lag  is  then  not 
complicated  by  oscillations  that  are  recorded  but  not  present 
in  the  applied  pressure. 


CRITERION  FOR  AVOIDING  LAG  CORRECTIONS 


A  simple  measure  of  the  error  in  Mach  number  resulting 
from  lag  errors  can  be  based  on  equations  (33)  and  (39). 
Since  the  chief  source  of  lag  error  in  the  value  of  q/lp'  as 
determined  from  flight  data  is  the  climb  term  of  equations 
(33)  and  (39)  and  since  the  number  and  volume  of  instru¬ 
ments  on  the  static-pressure  line  are  usually  much  greatei 
than  those  on  the  total-pressure  line.  X/^^^  is  much  smaller 
than  Xp^.  A  convenient  approximation  is.  therefore. 


<Jc'  rf/) 

y^-i5XH)-x(-'S) 


(41) 


The  ratio  of  the  clinil)  term  to  llio  static  pressure  determines 
M'-M,  the  amount  that  the  measured  Mach  numlier  varies 
from  the  correct  Mach  number.  If  the  rate  of  altitude  change 
is  expressed  in  terms  of  Mach  number,  speed  of  sound,  and 

dive  angle  from  equation  (ba)  the  fol¬ 

lowing  relation  can  be  obtained: 


AM<2.15X10"'^  (A/“+5)XpQ  sin  0 


where  a  is  in  feet  per  second  and  j)  is  in  inches  of  water. 

The  error  in  Mach  number  depends  only  slightly  on  the 
absolute  value  of  A/.  An  average  high-speed  value  of  0.8 
may  therefore  be  used.  Since  this  expression  for  AA/  gives 
a  maximum  value  for  Mach  number  error  and  the  cflect  of 
acceleration  is  to  reduce  the  magnitude  or  to  change  the 
sign,  the  following  expression  may  be  written  for  the  maxi¬ 
mum  error  in  Mach  number  due  to  lag  during  a  dive: 


^M<  X.0  sin  e  (42) 

Equation  (42)  is  shown  grapliically  in  figure  12  for  a  range  of 
pressure  altitude  from  0  to  60,000  feet  and  for  four  different 
values  of  dive  angle. 

A  quick  estimate  of  the  need  for  lag  (‘orrections  can  be 
made  as  follows:  Select  from  figure  8  a  value  of  Xo  applicable 
to  the  instrument  installation.  With  this  value  of  Xq  and 
with  maximum  values  for  pressure  altitude  and  dive  angle, 
a  value  of  Mach  number  error  AA/  can  be  obtained  fiom 
figure  12.  If  this  value  of  AA/  is  smaller  than  the  desired 
precision  for  the  contemplated  flight-test  program,  corrc'c- 
tions  for  lag  may  be  omitted  in  the  analysis  of  flight  data. 
If  the  value  of  AA/  is  too  large  and  a  more  detailed  analysis 
made  by  using  equations  (33)  and  (39)  gives  erroi's  that  ar(‘ 
too  large,  the  lag  constants  of  the  system  can  be  reduced. 

PRESSURE  INSTRUMENTS 

The  instruments  used  in  rc'cording  or  indicating  the  i)res- 
sures  of  a  pitot-static  arrangement  are  subject  to  a  variety  of 


Maximum  Mach  number  error^ 
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mechanical  crroi’s.  many  of  which  may  Ix'  lai’^c  in  com])arison 
witli  the  ])recision  of  airsjxaal  and  Macli  mimh(‘r  measure*** 
me'iit  that  is  desirable  in  nsearcli.  In  this  S(‘ction,  tlie 
sources  and  magnitude's  of  tlu'se'  eri'ors  ai’c  discussed  to^^otlior 
witii  nu'thods  for  tlieir  re'duction  or  ('limination. 

Since*  the*  o])e*ratie)n  of  tlu'se*  instrume*nts  is  haseel  on  the* 
clast ie*  j)re)])erties  of  metal  ca])sules,  a  main  sources  of  ei’ror  is 
tlie*  ])roperty  of  elastie*  laj:  e*ommon  to  all  stre*sse'd  materials 
that  make*s  the*  defle*ctie>n  fe)]‘  any  jire'ssure*  chan<2:e*  el('])enel  on 
the*  ma^nituele*,  eliree'tion,  and  rate*  of  the*  clianp*,  as  w(*ll  as 
u])on  the  eliree’tion.  rna^mitude*,  and  rate*  of  ])n*vious  chanj2:os. 
All  the*  ellects  e)f  this  ])re)j)('rty  ai’e*  ele'fine*el  in  terms  e)f  the* 
experiments  by  which  tlu'V  are*  me'asui'eel  anel  are*  usually 
known  as  hysteivsis,  afte'r  cfleeT,  i’e*e*ov(*ry,  anel  drift. 

IJystfre.sis  is  the  diflere'iie'e*  he*twe(‘n  the*  instrume*nt  re*ael- 
injrs  for  a  given  ])re*ssui’e*  ewedo  when  a  give'n  pre*ssure*  is  reache*d 
by  ine*reasing  the  ])ressure*  anel  whe'n  tliat  jire'ssiire*  is  reache*el 
by  de*eTe‘asing  it.  Linkage*  frie’tion  pre*sent  must  be*  e*liniinate*el 
by  vibration.  The*  elill’erene’e*  remaining  immeeiiale*ly  upon 
re*turn  to  the  initial  pi-e'ssure*  is  e*alle*ei  offer  effect.  The*  after 
eliee’t  dee*rease's  with  time*;  this  e’liange*  is  eaille'e!  recorenj.  If 
an  instrument  is  suhj(*e‘te*el  te)  a  change*  e)f  jiressure  anel  the* 
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lU'w  pressure*  is  he*lel  e*onstant,  the  reaeling  of  the*  instruinciit, 
in  general,  vailes  with  time*.  This  change*  in  r(*aeiing  is  called 
drijt.  The  drift  is  positive  if  the*  reading  e-ontiiuie’s  to  change 
in  the  same  elire'e’tion  as  during  the  pre'ssure  ediange*.  The 
local  sensiiu'iiy  of  an  instrument  is  the*  change  in  re*aeling 
I  with  re'speeT  te)  a  change*  in  pre'ssuj’e*. 

Temperature  error  is  the  ediaiige  in  the  inelication  of  the 
instrument  elue*  sole'ly  to  a  change  in  instrument  tem])e*rature. 
In  instruments  not  e*omj)e’nsateel  for  t(*mpe'i‘at urc.  the*  error 
is  only  see-onelarily  elue*  te)  a  change  in  size*  of  the*  ])arls  anel  is 
the*  re*sult  e-hie*fly  of  e’hange*  in  the*  elastic  meieluhis  of  the*  eiia- 
phragm  mate'rial  (ri'fere'iice*  52).  This  e*rre)r  in  inelie-ation  is 
al)e)ut  0.02  j)e‘re*e*nt  pi'i’  fe)r  me)st  me'tallie*.  elia])hragin 
mate*rials.  Te‘in])e*ratiire*  e-omj)ensatie)n  is  built  into  modern 
instruments,  anel  the*  re'sielual  (*rre)r  varie's  for  inelividual 
instruments. 

Friction  error  is  the*  change*  in  inelie'aieui  wh(*n  the  instru¬ 
ment  is  tappe*el  after  a  e-hange*  of  pj’e*ss  ^  in  the  ahsene*e  of 
vibration.  It  is  a  me'asui’e*  of  any  hineiiii.r  e)r  sticking  of  the 
instrument  parts. 

Acceleration  error  is  the*  ediange*  in  melication  ])e’r  g  of 
ae'ce*leration.  This  e*rre)r  is  usually  greau*st  in  a  eliree’tion 
normal  to  the.  plane  of  the*  instrunumt  diaphragm.  A  special 
case*  of  acceleration  e'ri-or  is  sometime*s  calleel  position  error, 
the  differemce  between  the*  reading  of  the  instrument  when 
helel  in  any  one  position  and  tapped  anel  the*  reading  at  any 
otiie'r  position.  It  is  a  me*asure  of  both  play  in  the  parts 
and  static  unbalance*. 

Vibration  error ^  as  consiele*j‘eel  in  the*-  ]U’e*.sent  repe)rt,  is  the 
change*  in  reaeling  resulting  from  a  shift  in  the  mielpoint  of 
the  indicator  oscillation  due  to  instruine’ut-jiane*!  vibration. 
It  is  e'videne*e*  of  nonlinearity  in  a  system. 

Zero  shift  is  the  ediange  in  the  zero  point  of  the  e*alihration 
due*  to  the  graelual  j’ele*ase  of  fiber  stiTSS  in  the  eliaplnagm 
material.  In  a  well-maele  instrument,  tiiis  effect  is  small  anel 
normally  does  not  change  the*  shape  of  the*  e’alihration  curve. 
With  instrument  use  the*re  may  also  he*,  ze*ro  shift  elue  to  wear 
of  the  component  parts. 

In  instrument  manuals  the  (piantity  e*alle*d  seaile  erroj- 
usually  re*feTS  to  an  ove'r-all  me*asure  of  heith  hyste*re*sis  anel 
the*  aeljustment  of  the  linkage*  with  whie*h  the*  prope*r  j’elalion 
between  eliaphragm  de*fle*ctie)n  anel  j)ointe*r  elellectioii  is 
se'e’ureel.  By  jirojier  e*alibration  the*  hyste*re*sis  and  the  cor- 
re*e‘tion  for  linkage*  adjustment  e’an  he*  ele*te*rmine*d.  Scale 
e*rror  the*re*fore*  is  not  e’onside‘re*el  in  the  afe)re*mention(*d  sense 
in  the*  ])re*se*nt  I’e'porl. 

An  instrunu'nt  is  saiel  te)  he  rested  if  it  has.  fe)r  all  jii’ae’tical 
I)ur])ose‘s,  be*e*n  suhjee’te*el  to  no  ])r(*ssure  e’hange*  in  the  })re*- 
vie)us  24  oj-  meire*  hoiu's.  An  instrument  is  ])i]t  inte)  the* 
cyclic  state  (j*e*fe'rene*(*  oo)  by  subjecting  it  to  a  niimhe'r  of 
e*ye*l(*s  (about  5)  of  ])r(‘ssure*  ediange.  ddie*  magnitude*  e)f  the* 
ewcle*  elefiiu*s  the*  I’ange*  of  j)re*ssure  feir  whie’h  the*  e*yedie*.  state* 
exists.  The*  eff(*ct  of  the*  e’ye’lie*  state*  lasts  aheiut  J  hour. 

Although  all  piTssure  insti'ume'iits  fe)j’  aire’raft  are*  subjee’t 
to  the*se  e*rrors  te)  some*  e*xt(*nt.  the  prope'rty  e)[  elastic  lag  is  a 
me)re  se*rie)us  source*  of  en'or  in  altimete'rs  than  in  airspee‘d 
inelie‘ate)j‘s  he*e*ause  of  the*  large*  me*chanie*al  multiplication  in 
altimeters  he'tween  capsule  and  pointe*r  defk*ction. 
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THE  AIRSPEED  INDICATOR 

III  accordanco  with  tli(‘  formula  hy  which  airspci'd  indi¬ 
cators  arc  calibrated  (see  references  10  and  51)  a  change  in 
indication  of  1  mih‘  per  hour  corresponds  to  a  change  in 
impact  pressure  (sensitivity  measured  in  inches  of  water) 
as  given  for  various  indicated  airs])eeds  in  th(‘  following 
table : 


i  Imlicaluil  airspurd.  nipti 

10(1 

21)0 

:«)(! 

1  400 

j  .500 

i  000  j 

7(K) 

I  Afl,.  in.  H:() . - 

0.  10  : 

(1.21 

0.  ;i2 

i  0.  4.5 

1  0. 00 

0. 70  ! 

j 

! 

1,0.1  1 

The  possible  magnitude  of  errors  that  may  b(‘  encounterc'd 
in  airspeed  iiulicators  in  service  together  with  methods  for 
their  elimination  or  rediudion  is  given  in  table  I,  whi(*h  is 
based  on  values  from  instrument  handbooks  and  specifica¬ 
tions.  Although  availabl(‘  commercial  instruments  are  likely 
to  be  more  accurate  than  the  values  in  table  I  indi(‘atc, 
careful  instrument  selection  and  calibration  at  frequent 
intervals  arc  necessary  if  a  precision  of  ±0.5  inch  of  water 
is  to  b(‘  achieved  in  the  measurement  of  differential  pressure. 

TABLE  I.— IXSTRTMKXT  KHHOUS— AIRSPEED  IXDICATORS 


1 

1  TyiH* 

MuRiiiiudc 

Method  of  correction  or  elimination 

1  Hvstprfksis  . 

3  mph  to  0.2  mph . , 

.Select  instrument  with  low  hysteresis. 

■  Friction  . 

±3,6  mph . 

Provide  sulllcient  lnstruniem*pii»o’l  vihrii- 
tion. 

Calihrate  over  mOKC  of  indU-4ite<l  alrs|M(ed 

1  Po.sitinn  nnd 

Up  to  3  mph  perp  . 

j  ucwderallon. 

j  'I'emiMjraluri'  — 

±3.5  mph  forxo®  C 
(144®  F)  tomiH'ra- 

and  {?:  mount  so  that  axis  of  hiirh  .staislKv- 
liy  to  acceleration  is  axis  of  small  airplane 
aewderatton. 

Calihrate  at  temperatures  of  exjM'Cled  use  or 

over  raiipe  of  leinperaiure  and  interpo¬ 

i 

turc  clmnuu. 

late. 

1  Keudability . 

1  Vlbnilion . 

i 

i 

! 

±0.5  mph . 

±2.5  mph . ; 

i  Chock  for  excessive  Instrument-panel  vibra¬ 

tion:  ailjust  expo.sure  time  of  photo  reconl- 
!  ers  to  include  at  least  one  complete  oscil¬ 
lation  of  needle. 

THE  ALTIMETBR 

Aircraft  altimeters  are  calibrat(‘d  in  accordanci'  with  the 
relation  between  pressure  allitiuh*  and  static’  pressure  ex- 
pivssed  in  standard  tabk‘s  such  as  those  in  refeivnee  4  or  10. 
Errors  of  ±100  feet  or  ±0.5  inch  ol  water  at  diflerent  alti¬ 
tudes  (’orrespond  to  errors  in  ])ressure  or  altitude,  respec’- 
tively,  as  shown  in  the  following  table: 


Pres-sure  altitude, 

Ap/J 

Aftp 

;  ft  ,  :  1 

or  ^.b,,  =  ±\m  fl  !  forA,o-±o.;» 

I  (ft) 

•  pi'reeiilt 

(ft; 

0 

±0. 3r, 

±31 

5.niM)  i 

±,37 

±30 

lO.OtHI  ' 

±3'.' 

±4*’, 

21).  (IlM) 

±.  12 

±01 

30.  000 

rr-  -t' 

±U1 

40.  ()(K) 

ir 

±1 10 

,50.  0(H) 

i7 

±22(i 

♦HI.  0(K) 

:r  •  47 

±3('>o 

70.  OIH) 

J* 

±.5,s() 

Tlx*  possibh*  magnit  ix 

1(*  of  errors  tluil 

may  lx* 

in  s(*nsit  ivi*  allinx*t(*i-s  in 

S(*rvie(*  is  giv(*n 

in  tjd)l(* 

iVom  r(‘ferenc(‘  52 1. 


TABLE  II.— TXSTRl’.MEXT  ERRORS— SEXSITIVl’ 
ALTI.METERS 


Much  it  111  le 

d'ype 

.50,000-foo(  3.5,0(K)-foot  j 

altimeters  altinielers  . 

llystiTCsis,  ft 


For  32,fK)0  ft  pressure  cycle  at 

At  20.000  ft . 

At  12.000  ft  . 

For  300  ft  deviations  from  sea 
Drift  at  32.000  ft,  ft 

1,(HM)  ft/miii 

level  . 

>  2.50 

'  2(HI 

30 

1.50 

KK) 

.50 

1(( 

From  :io  sec  to  lo  min . 

From  ;«)  st’c  to  5  hr . 

1.5 

40 

UO 

10 

40 

Itecovery.  ft 

1.5 

J  )urinc  .H)  si*c . . 

Durintt  1  hr . 

1  )urinp  "5  <iiivN 

40 

5.5 

40 

DurltJ):  21  day.s . 

Friction  and  vibration,  ft 

rpto±2o 

Up  to  ±20 

Zf>rn  «)iifl.  in  .50  diivs.  ft  .  _  . 

-10 

-Ml 

Jteadability,  fl . 

Afcelerution,  tUg . 

'J’em))erature 

At  sea  level,  ft/°F . 

At  an  altitude  above  5,000  ft,  ft/ft  ®F . 

±«5 

Up  to  ±10 

±0.5 

±0.0001.5 

±.5 

I'p  to  ±10 

±0.4 

±0.00(X)7 

The  elastic-lag  errors  in  table*  II  are  based  on  unpulilished 
results  of  tests  at  the  National  liureau  of  Standards;  in  these 
tests  prc'ssure  and  deflection  are  measured  without  interrupt¬ 
ing  the  change  to  make  the  measurement,  thus  conditions  of 
actual  use  are  more  nearly  realized.  The  hysteresis  erroi*s 
are  about  twice  as  large  as  expected  on  tbe  basis  of  previous 
test  methods.  The  valu(‘s  of  hysteresis,  drift,  after  effect, 
and  recoverv  are  bas(‘d  on  tlie  average  of  four  restc'd  altim¬ 
eters  of  each  of  the  two  altitude  ranges  for  a  pressure  cycle 
of  B2,()00  feet  at  1000  feet  per  minute,  with  a  drift  period 
of  approximately  5  hours  at  :52,000  feet.  Thes('  values  arc 
given  to  show  ord(‘r  of  magnitude  and  should  not  lie  used  as 
corrections  since  individual  instruments  may  show  irregular 
departures  from  the  average  of  as  much  as  Ik)  iierc^ont. 

For  precision  airspeed  measurements  and  especially  in 
flight  c’alibration  of  airspeed  installations  by  fly-l)y  methods, 
utmost  care  is  both  (*ssential  and  justified  in  the  preparation 
and  use  of  altimeter  (’alibrations. 

Temperatun*  error  may  lx*  eliminat(*d  by  sc'lec’tion  of  a 
a  tem])erature-compensat('d  instrument  with  v(*ry  small 
rc^sidual  error.  E.\(’(*pt  for  elastic-lag  (‘fleets,  most  of  the 
errors  can  be  readily  allow(*d  for  or  can  lx*  l•^*du^‘(*d  by  (’an*- 
ful  instrum(*nt  adjustment  and  scdection. 

vSince  cdastic-lag  errors  depend  so  greatly  on  ])r('vious 
instrument  history,  a  (*alibration  can  lx*  used  \Nith  moie 
confidence  if  tliere  is  a  similarity  between  conditions  of  use 
and  of  (‘alibration.  If  a  irsted  instrument  is  used.  su(;c(*ssive 
hyst(*r(*sis  loops  will  not  be  id(*nticai.  and  calibrations  can  be 
oi)lain(‘d  accordingly.  Sinci*  tlx*  hyst(*r('sis,  drift,  al t<*r  efl(*(fl , 
and  r(‘coverv,  in  g(*n(*ral.  incr(‘as(‘  with  tlu*  range  ol  pri'ssuri* 
chaiig(',  tin*  rang<*  of  the  calibration  can  ix*  adjus((‘d  to  llx^ 
maximum  pn’ssuiv  altitixh*  of  any  ])lanned  fliglit  or  serx's 
of  flights.  If  small  changes  in  altitude  iixlieation  are  impor¬ 
tant.  as  in  runs  past  a  rel(‘r(‘ne(‘  landmark,  a  special  ealibia- 
tion  should  be  imxh*  since  for  small  changes  in  pressure 
iixlividual  altimeters  often  exhibit  marked  variations  in 
local  s(*nsitivity .  If  tlx*  altinx'ti'r  is  in  tlx*  cyclic  state*  both 
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for  calibration  aiul  flight  test,  liystorcsis  can  bo  reduced 
about  50  percent  and  after  eO'ect,  about  75  perc(‘nt,  (See 
reference  55.) 

For  some  purposes  measurements  of  pressui’(‘  altitude 
must  be  converted  to  triu'  altitude.  True  altitude  can  be 
derived  from  pressur(‘  altitude  if  corn'ctions  are  made  for 
ground  temperature,  departure  from  the  constant  lapse 
rate,  moisture  content  of  the  air.  and  the  mean  local  value 
of  gravity.  Methods  of  making  these  corrections  are  out¬ 
lined  in  reference  55. 

NACA  INSTRUMENTS 

The  pressure-recording  instruments  us(‘d  at  the  labora¬ 
tories  of  the  NACA  are  much  like  thos(»  shown  in  figure  2S 
of  reference  51,  except  that  a  corrugated  metal  capsule  has 
been  substituted  for  the  stretched  diaphragm.  The  capsiih' 
deflection  is  multiplied  by  a  stylus-hairspring-mirror  arrange¬ 
ment  and  readings  are  made  of  the  record  of  a  light  trace  on 
a  moving  photographic  film.  A  wide  range  of  sensitivities 
is  available,  so  that  the  instrument  range  can  be  adapted  to 
the  maximum  pressure  to  hv  measured.  Multiple-mirror 
instruments  are  available  to  expand  the  scale.  The  pres¬ 
sures  in  two  or  more  cells  may  be  recorded  on  the  same  film. 
A  reference  line  is  recorded  on  the  film  by  means  of  an  aux¬ 
iliary  fixed  mirror  which  eliminates  shifts  in  the  film  drum 
as  a  source  of  error.  Several  instruments  are  correlated  by 
means  of  a  time  signal  recorded  on  each  film.  The  natural 
frequency  of  the  mechanical  parts  is  100  cycles  per  second 
or  more  so  that  inertia  efl’ects  may  be  ignored.  Hysteresis  is 
made  small  by  selection  of  capsules  with  favorable  elastic- 
lag  properties.  Temperature-compensated  instruments  are 
available.  By  individual  calibration  of  each  capsule  in  an 
airspeed  installation,  errors  from  hysteresis,  temperature, 
and  acceleration  effects  may  be  either  made  negligible  or 
allowed  for  in  evaluating  data. 

TEMPERATURE  MEASUREMENTS 

Temperature  measiuvinents  are  essential  in  the  conversion 
of  pitot-static  pressure  data  to  true  airspeed.  Since  insti'U- 
ments  which  measure  dii-ectly  the  true  free-air  temperature 
in  flight  are  not  availai)le,  this  quantity  must  be  computed. 
The  accuracy  of  th('  result  is  gov(M*ned  by  th(‘  accuracy  with 
which  the  recovery  factor  of  th(‘  temperature  probe  is  known, 
the  accuracy  of  tlu'  Mach  numb(‘i’,  and  the  calibration  of  the 
indicating  or  n‘cording  instrument.  In  this  section  the 
sources  and  magnitud('s  of  errors  and  th(‘  evaluation  of 
temp(Tature  data  ar(‘  discussed. 

SOURCES  OF  ERROR 

Important  sourc{‘s  of  (‘rror  in  fr(‘(‘-aii‘  t(*mperatiir(‘  nieasiH-(‘- 
ment  ar(‘: 

(a)  Variation  in  tlu'  n'coverv  factoj’  of  tlu'  tiunperature 
prob(‘  (lu(‘  to  th(‘  incoinpl(‘( (‘  (‘onv(‘rsion  of  kinetic  (*nei’gy 
into  tluMTual  effects  as  aff(‘ct(‘d  i)v 

(1)  Prob(Mh‘sign 

(2)  Local  V(*locity 
(.‘))  Jjocal  angl(‘  of  flow 
(4)  Free-stnaim  v(L)(*itv 


(b)  Errors  due  to  lag 

(c)  Errors  of  the  measuring  apparatus  caused 

(1)  Temperature  effects  on  springs,  resistances,  bearings, 

and  magnets 

(2)  Acceleration  error,  zero  shift,  vibration  error, 

friction  error,  and  hysteresis 

(3)  Electrical  effects  such  as  (‘hang(‘s  in  voltag(‘,  contact 

or  lead  resistance*,  and  local  magnetic  field 

(d)  Radiation  to  or  from  surroundings  or  sun 

(e)  Conduction  to  or  from  surroundings 

Other  errors  such  as  those  due  to  heating  caused  by 
electric-current  flow,  probe*  e-ontamination,  anel  so  forth  are 
ge*nerally  small  and  may  be  ne‘glecte*el. 

Velocity  effects. — Source's  of  en^or  due  to  ve'locitv  effects 
may  be  the  largest  and  most  difficult  to  remiove  by  e'alibra- 
tion.  As  shown  by  a  number  of  investigators,  the*  tempera¬ 
ture  T'  indicated  by  a  thermometer  in  a  gas  stream  of 
relative  velocity  Fis  larger  than  the  true  free*-stream  teunper- 
ature  T.  For  a  thermometer  that  brings  the  air  to  re*st  at  a 
stagnation  point  without  heat  transfer  the*  indicateel  tempera¬ 
ture  is  the  total  temperature  of  the  gas  7V  and  the  ther¬ 
mometer  registers  the  full  adiabatic  rise: 

7-^-7=^  TM-=0.2TM-  (43) 

Equation  (43)  is  not  limited  to  .^/^l.O  but  is  applicable  to 
supersonic  flight  speeds. 

Thermometer  probes  of  the  stagnation  type  have  been 
developed  that  register  tin*  full  adiabatic  rise,  or  very  nearly 
all  of  it  (reference's  65  and  80).  Many  of  the  thermometers 
in  use  on  aircraft,  however,  are  not  of  the  stagnation  type. 
On  the  basis  of  theoretical  considei*at  ions  references  62  and  71 
show  that  for  laminar  flow  over  a  thin  plate  parallel  to  the 
air  stream,  in  which  case  the  air  is  brought  to  rest  by  friction 
at  the  plate  surface,  the  temperature  rise  is,  to  a  close 
approximation, 

.  (44) 

4^ 

The  Fraud tl  number  Pr  has  a  theorc'tical  value  of 

For  air  under  standard  conditions  (7— 1.4),  /V— 0.737  and 
equation  (44)  can  be  written 

7V-7=0.8-)8  T-’=0..S.5S(0.2ra/-')  (45) 

2(jhy 

Within  the  limits  of  experimental  (*rror,  e(| nation  (45)  is 
confirmed  by  wind-tunnel  tests  (r('f(*renc(*s  (it)  and  SO)  as 
api)Iicabl(‘  to  an  object  of  small  diani(U('r  such  as  a  tlu'r- 
moim'tcr  bulb  parallel  to  tlu*  air  stream  undi'r  (“onditions  of 
a  laminar  i)oundarv  layer.  When  i('mp('ratur(*  is  ni(*asur(*(l 
in  flight.  how(*ver,  tin*  nunn'rical  factor  in  equation  (45)  may 
be  subj('('t  to  (‘onsiderabh*  variation.  In  orch'r  to  hav(‘  a 
convenient  basis  for  comi)arison,  a  tempc'rature  r(*coverv 
factor  7v  based  on  equations  (43)  and  (44)  has  ix'c'ii  delined  as 


(4(i) 
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The  temperature  recovery  factor  is  a  measure  of  the  ability 
of  a  particular  probe,  under  particular  conditions  of  flow,  to 
develop  tlie  total  temperature  of  the  ^as  stream.  Values  of 
A'betwecn  1.0  and  0.3  have  been  reported  for  different  probes, 
hi«:li  values  applying  to  those  of  the  stagnation  type.  Re¬ 
ported  values  freciucntly  show  a  variation  with  velocity,  and 
wind-tunnel  values  may  differ  from  values  determined  in 
flight.  The  reason  undoubtedly  lies  in  one  or  several  of  the 
factors  in  the  following  discussion. 

For  probes  of  the  plate  type,  the  theorectical  value  of 
K={Pry‘^,  which  should  be  nearly  independent  of  speed  and 
atmospheric  conditions,  is  only  applicable  to  conditions  of 
laminar  flow.  The  results  of  theoretical  calculations  (refer¬ 
ence  70)  show  that  for  turbulent  flow,  Ae>5Xl0^  K  in¬ 
creases  with  Be  and  is  between  and  1.0.  (This  result 

is  applicable'  to  th(’  temperature  of  a  wing  or  fuselage  in 
flight,  as  is  shown  in  reference  60.)  When  K  is  a  function  of 
Re^  it  will  vary  with  both  speed  and  altitude.  For  cylindri- 
cally  shaped  prob(‘s  mounted  transversely  to  the  air  stream 
(references  63  and  70),  there*  are  large  variations  of  local 
velocity  over  the  probe,  and  K  varies  between  0.56  and  0.83. 
The  minimum  value  occurs  when  a  local  Mach  number  of  I 
is  reached  at  the  cylinder  surface  (about  M=0.5)  and  is  due 
to  the  effect  of  shock.  Because  tlie  variation  in  K  is  large, 
transverse  mounting  of  temperature  probes  is  not  suitable 
for  high-speed  flight.  In  supersonic  flow,  plate-type  probes 
would  be  in  a  region  influenced  by  shock,  and  the  value  of  K 
would  be  expected  to  differ  from  that  at  low  speeds.  Local 
variations  of  the  velocity  field  about  an  airplane  may  be 
quite  large  and  can  cause  an  apparent  variation  in  the  value 
of  A,  since  local  temperature  changes  in  this  field  take  place 
with  full  adiabatic  efficiency  but  the  change  from  kinetic  to 
thermal  energy  at  the  probe  does  not.  Apparent  variations 
may  also  be  caused  by  radiation  effects,  local  sources  of  heat, 
and  changes  in  airplane  configuration. 

Probes  of  the  stagnation  type,  with  housings  shaped  like 
conventional  total-pressure  heads,  show  a  variation  of  K 
with  angle  of  flow  and  ratio  ilT)  similar  to  the  variation  of 
total -pressure  defect  with  angle  of  flow.  (See  fig.  2  (a).) 
Such  probes  are,  however,  little  subject  to  apparent  changes 
in  the  value  of  K  due  to  local  variations  in  the  velocity  field. 
Radiation  and  conduction  errors  may  be  made  smaller  and, 
since  th(‘se  prob(‘s  measiu-e  total  temperature,  the  measure¬ 
ment  is  not  affected  by  shock. 

Lag  errors. — Temperature  measurements  in  flight  under 
conditions  of  changing  temperature  indication,  as  in  a  dive 
or  sudden'  change  of  sp(‘(‘d,  are  in  error  by  an  amount 
determined  by  the  lag  constant  of  the  thermometer.  The  lag 
constant  may  b(‘  (hffined  as  the  time  for  a  suddenly  applied 
((‘inperatun*  diflVrenee  to  fall  to  3t).8  percent  (1/r)  of  its 
initial  value.  Becnus(‘  ino.st  thermometers  are  of  composite 
construction  and  som(‘  parts  tak(‘  long(M‘  to  reach  their  final 
tem])eralui’e  than  otlu'rs,  a  vahu'  of  1  percent  of  the  initial 
value  is  sometinu‘s  given,  but  36.8  percent  is  used  in  the 
pre.sent  paper  becaus(‘  of  its  correspondence  with  the  value 
us(‘d  foi‘  pressurt*  lag  in  the  se(*tion  (‘iitith'd  “Determination 
of  J^ag  Constant  by  Kxpi'rimental  Methods.” 

Th(‘or{*ticaily.  t{‘mp(‘ratiii’e  data  may  lx*  cornaUc'd  for  lag 


on  the  basis  of  a  relation  analogous  to  equation  (lo).  (Sec 
reference  42.)  In  practice,  c.xcept  for  small  thermocouples 
under  carefully  controlled  conditions,  the  correction  is  com¬ 
plicated  not  only  by  the  correction  for  spe(‘d  (equations 
(43),  (44).  and  (45))  but  also  by  uncertainty  in  tin*  value  of  \ 
which  is  a  function  of  T’.  As  shown  in  references  59,  61, 
and  68,  X  may  be  considered  to  vary  dii-ectly  as  tlu*  eflective 
volume,  density,  and  specific  heat  of  the  thermometer 
materials  and  inversely  as  the  exposed  art'a  and  surface 
heat-transfer  coefficient  h  between  the  gas  and  the  prolx*. 
As  shown  in  reference  74,  for  turbulent  flow  of  air  transvers(‘ 
to  a  metal  cylinder,  an  average  value  for  h  can  be  written 
in  the  notation  of  the  present  report  as 

-^=0.2C  “  (Pr)'>  “ 


A  similar  relation  applies  for  flow  parallel  to  streamline 
shapes.  Over  a  wide  range  of  Be  the  exponent  0.6  can  be 
expected  to  vary;  thus,  to  a  first  approximation  for  a  limited 
range  of  temperature 


where  A  is  a  constant  for  the  particular  probe  concerned  and 
n  has  a  value  between  0.35  and  0.85,  this  value  averaging 
about  0.6  for  a  range  of  Be  from  1,000  to  50,000. 

Thermometers  of  the  plate  type  will  usually  liave  lower 
values  of  X  than  the  stagnation  typo  and  are  therefore  com¬ 
monly  used  in  applications  where  low  lag  is  important.  The 
common  metal-to-metal  contact  between  the  probe  and  the 
metal  parts  of  the  airplane  should  be  eliminated.  An  idea 
of  the  order  of  magnitude  of  the  errors  in  temperature 
measurement  due  to  lag  may  be  gained  from  unpublished 
tests  at  the  Langley  Laboratory;  these  tests  indicate  that  for 
a  resistance-type  cylindrical  probe,  of  a  sort  commonly  used 
on  airplanes,  mounted  transversely  to  the  air  flow  the  value 
of  X  is  13  seconds  at  350  miles  per  hour  at  sea  level.  Such 
a  probe  would  be  useful  therefore  only  for  determining  tem¬ 
peratures  under  steady  conditions. 

Other  errors. — Failure  to  provide  adequate  radiation 
shielding  can  cause  a  tliermometer  to  read  as  much  as  6°  F. 
to  8°  F  too  high.  (See  reference  75.)  The  shield  should  be  of 
highly  polished  metal,  unpainted,  insulated  from  the  bulb, 
and  may  well  be  incorporated  in  a  ventilated  housing  for  the 
conventional  resistaiu'c  hull)  or  other  temperature  sensitive* 
element.  Radiation  shielding  is  of  less  importance  when  an 
underwing  mounting  is  used  since  sunlight  sti'ike's  the  l)ulb 
only  when  the  sun  is  near  the  horizon.  Tin*  effect  of  solar 
radiation  may  vary  for  flight  into  and  away  from  the  sun 
ami  with  the*  intensity  of  the  i‘adiation.  The  efl('(‘t  is  smali(*r 
at-  high  sp('(‘ds  or  high  atnu)s])h(*ric  deiisiti(*s. 

Fluctuations  in  the  fr(*e-air  temperature  are  fr(*(iuently  large 
at  any  one  altitiuh*  l)e!ow  20.000  f(*(‘t,  although  theii  e.xist- 
ence  may  be  masked  by  the  lag  of  instrument  installations. 
At  5,000  feet,  variations  of  5°  F  hav(*  been  obs(*rv(‘d  in  one 
locality,  the  variations  dropping  at  10,000  f(H‘t  to  2®  F. 
TlH*se  variations  can  lie  a  source  of  error  in  calibration  and  m 
t(‘mperalur('  data  drawn  Irom  iem])erature-altitude  suivevi?. 
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In  eleclrical  molliods  a  inilliaminotor  is  used  to  measuro 
the  decree  of  unbalaiHH'  in  th(‘  ])rid^(^  circuit.  The  possible 
existence  of  errors  in  tliis  measurement  due  to  changing 
voltage  sup})ly,  (cockpit  temperature,  or  acceleration  should 
be  checked  by  calibration  since  the  rated  scale  error  of  even 
a  well-designed  in^^t rumen t  may  be  as  much  as  ±2  percent 
of  the  midscale  absolute  temperature. 

LOCATION  OF  TEMPERATURE  PROBE 

Most  of  the  considerations  gov(‘rning  the  proper  location 
of  the  total-pressure  head  also  apply  to  the  temperature 
element.  If  a  ])i'obe  of  unit  recovery  factor  is  availabh',  an 
underwing  position  free  from  the  eff(*(‘ts  of  slipstream,  engiiu* 
exhaust,  and  de-icer  heating  is  satisfactory.  If  tlu^  ri'covery 
factor  of  tlie  ])rol)e  is  ii^ss  tiian  unity,  departures  of  the  local 
velocity  fnim  the  free-stream  valiu'  should  lie  reduced  by 
mounting  tiu'  ])rol)e  well  in  front  of  the  leading  edge  of  the 
wing.  If  direct  indication,  as  with  a  bimetallic  probe,  is 
needed,  the  front  tij)  of  the  nose  of  two-  aiul  four-engiiu' 
airplanes  is  usually  a  satisfactory  location. 

Whatever  tlu'  location  scdected  for  the  thermonu'ter  probe, 
more  accurati'  vahu's  of  free-air  temperature  can  be  ob¬ 
tained  if  a  value  of  recovery  factor  K  is  used  which  has  been 
previously  obtained  by  a  flight  calibration  under  conditions 
of  use,  as  outlined  in  the  section  entitled  “Temperature 
Installation.” 


EVALUATION  OF  FREE-AIR  TEMPERATURE 

If  the  recovery  factor  is  known,  the  true  free-air  temjiera- 
ture  may  conveniently  be  (h'termined  from  flight  nuaisure- 
ments  of  Mach  number  and  indicated  tem]>erature  l)y  means 
of  the  chart  (fig.  Id)  that  is  a  graphical  solution  of  equation 
(4G).  If  true  airspeed  is  required,  the  indicated  tempera turi' 
and  Mach  number  may  be  used  directly  in  the  equation: 


for  which  the  solution  is  given  in  figure  14. 


(48) 


FLIGHT  CALIBRATION  OF  AIRSPEED  AND  TEMPERATURE 
INSTALLATIONS 


In  the  pri'vious  s(‘ctions,  material  lias  Ix'cn  giviui  con¬ 
cerning  the  erroi’s  which  may  be  present  in  the  (hqi'rininat  ion 
of  airspeed  by  pitol-stat ic.  ari’angemonts.  Sonu'  of  tht‘ 
sources  of  eri'or  (‘iicoimti'n'd  are  inherent  in  tlie  insti’unients 
and  may  be  eliminalc'd  or  allowed  for  by  instrunumt  sidection 
and  calibration.  Altiiough  the  errors  caused  by  lag  cannot 
be  entirely  nunoviMl  by  thesi'  means,  a  method  has  been 
given  for  making  corrc'ctions  wlnui  such  corrections  ar(‘ 
necessary.  Tlu'n'  remain,  how(‘ver,  possilih'  errors  in  both 
the  total  and  static  ])i'('ssur(‘s  (lu(‘  to  tin'  location  of  the 
pitot-slat  if  (l(‘vic(‘  in  the  field  of  flow'.  Tlu'si'  erroi's  can 
best  be  dcK'rmiiKal  by  flight  tests.  vSince  the  field  of  flow 
about  an  airplaiu'  vari(‘S  with  angle  of  attack  and  Mach 
number,  the  (’rrors  in  both  total  ])r(‘ssur('.  and  static  ])r(‘ssur(‘ 


vary  with  the  magnitude  of  thes(‘  quantities.  Similar  condi¬ 
tions  apply  to  the  determination  of  inu*  temperature  from 
th(‘  valu(‘  of  the  temperature  recovery  factor  and  Mach 
number. 

AIRSPEED  INSTALLATION 

Methods  used  to  calibrate  airspeed  installations  may  be 
divided  into  groups  which  may  be  loosely  termed: 

(a)  The  speed-course  method  in  which  tinu'  to  cover  a 
given  distanci'  is  measured 

(b)  The  suspended-head  method  in  which  naidings  of  the 
airspeed  system  under  calibration  are  refernal  to  those  of  a 
sus])ended  static  or  pitoi-siatic  head  which  is  eiilu'r  fret‘ 
from  error  or  has  known  errors 

(c)  The  ])acing  method  in  which  the  airplane  with  the 
instailation  to  he  caiibrateii  is  flown  in  formation  with  one 
which  has  an  airspeed  installation  already  calibrated  lyy 
method  (a),  (b),  or  (d) 

(d)  The  altimeter  method  in  which  errors  are  d(‘termined 
from  the  difference  between  recorded  and  known  pi-(‘ssure 
heights 

Some  advantages  and  disadvantages  of  each  of  th(‘so  methods 
have  been  discussed  and  the  methods  described  in  detail  in 
reference  92.  Tin'  s])ee(l-course  method  is  simple  when  used 
near  the  ground  but  is  hazardous  under  these  conditions, 
particularly  at  speeds  near  the  stall.  The  range  of  calibra¬ 
tion  is  limited  by  the  top  speed  in  level  flight.  Attempts  to 
reduce  the  hazard  of  the  speed-course  method  liy  testing  at 
higher  altitudes  generally  necessitate  the  ust'  of  elaborate 
timing  and  tracking  methods.  Corrections  for  wind  and 
deviations  in  course  arc  necessary  and  the  airsjxx'd  obtained 
is,  at  best,  only  an  average  value. 

The  suspended-head  method  (references  So  and  9G)  is 
more  accurate  than  the  speed-course  method  and  is  especially 
applicable  to  stall  testing.  It  is  the  prefernxl  method  fol¬ 
low  and  medium  speeds  but  the  obtainabh'  range  is  limited 
])y  instability  of  the  trailing  head.  For  the  NACA  trailing 
airspeed  head  this  limit  is  about  275  miles  piu*  hour.  Because 
of  pressure  lag  in  the  long  connecting  tubing  the  nu'thod 
is  not  suitable  for  maneuvers.  For  singh*-seat  airplanes  an 
automatic  reel  that  simplifies  the  handling  ])roblem  is 
available.  This  method  may  be  used  lo  obtain  a  direct 
measurement  of  the  errors  at  the  total-  and  static-])ressure 
openings.  Instruments  of  high  sensitivity  may  be  used  for 
this  nuaisurement ;  thus,  results  of  high  ])r('cision  are  givem. 
Th(‘  indiH^ed  vidocity  in  the  fiedd  beiu'alh  and  Ixdiind  the 
airplaiu^  must  he  allowial  for  wiuui  a  suspcii(h‘d  total- 
pressuri'  head  is  used.  Tests  slioiild  he  piM-fornu'd  in  stable, 
smoolli  air  to  avoid  (wrors  caused  by  lurbulenct*  and  wind 
gradients. 

Tlie  ]}acing  method  is  rehuividy  siniph*  and  removes  liu^ 
hazai-d  of  low-l(‘V(d  flying.  Tin'  <*alibrai ion  is  less  accurate. 
how(‘ver,  tlian  the  calibi'alion  of  tin'  retcn'uci'  airplane;  the 
s])('('d  range  is  liniih'd  by  tin'  spc'cd  rang('  of  tin',  relerenco 
airplaiu';  and  tin'  ])ractical  diflic'ull i('s  increasi'.  when  att(‘m])ts 
are  nnnh'  to  increasi'  tin'  speed  rangi'  (d’  tin*  calibration  by 
performing  div('s. 


Mach  number'^  Si 
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I'lGUKK  lo. — 'I’riic  froc  air  tempurature  as  a  function  of  Mach  nninbor,  recovery  factor,  and  jiidicalod  lempcraluro. 


Tt'ue  fr~ee-oir'  iemperatut^'c. 
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Because  of  the  ^vi(le  ajiplicability  of  the  altimeter  method, 
especially  at  high  speeds,  the  remainder  of  this  section  will 
be  confined  to  a  description  of  this  method,  and  its  variations, 
for  the  determination  of  errors  in  the  total  and  static  pres¬ 
sures.  The  altimeter  method  may  conveniently  be  sub¬ 
divided  into  four  principal  variations; 

(1)  Fly  by  a  reference  landmark.  This  variation  is 
inherently  simplest  and  most  accurate,  requiring  measure¬ 
ment  of  the  fewest  quantities,  but  is  limited  to  the  speeds 
of  level  flight. 

(2)  Fly  by  a  reference^  airplaiu‘.  The  ])ossi])l(‘  hazard  of 
flight  near  the  gi-ound  is  eliminated,  and  the  calibration  can 
be  made  at  higher  values  of  !Mach  number. 

(;i)  Dive  by  a  reference  air])lane.  Calibration  at  speeds 
up  to  the  terminal  velocity  of  th(‘  airplane  is  possible,  but 
elaborate  instruimmiation  is  required. 

(4)  Establish  reference  altitude  by  radar.  Calibration  is 
possible  at  values  up  to  tlu‘  terminal  velocity  and  at  lift 
coefficients  associated  with  high  accelerations. 

Each  of  variations  (2),  (:B.  and  (4)  is  dependent  on  the 
e.xistence  and  precision  of  a  basic  calibration  secured  by 
flight  past  a  reference  landmark  (variation  (1)J  or  by  some 
other  method.  At  the  Langley  Laboratory  variation  (1) 
is  used,  supplemented,  when  necessary,  by  a  combination  of 
radar  and  photo  theodolite  (variation  (4)). 

Since  errors  in  total  and  static  pressures  vary  with  the 
fleld  of  flow,  for  a  given  installation — that  is,  airfoil  section, 
typo  of  head,  and  location  of  head — th(‘  eiror  would  be 
expected  to  vary  with  Macli  numlxu*  and  lift  coefficient  or 
angle  of  attack.  A  complete  flight  calibration  for  experi¬ 
mental  purposes  therefore  involves  determination  of  the 
errors  throughout  the  maneuver  envelope.  A  more  limited 
but  frequently  adequate  calibration  consists  only  of  calibrat¬ 
ing  in  steady  flight  at  1  g.  Position  of  flaps,  landing  gear, 
and  movable  armament,  the  power-on  and  ])ower-ofl  con¬ 
ditions  can  each  make  enougli  change  in  the  lift  characteristics 
of  the  wing  to  necessitate  special  calibration  undei*  some 
conditions. 

Since  the  purpose  of  an  aii*s])eetl  calibration  is  to  provide 
a  means  of  correcting  data  obtained  in  flight,  it  is  desirabh' 
to  determine  the  pressure  erroi*s  in  a  ratio  form  to  be  used  in 
the  following  equations: 
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Measured  values  of  total-pr(‘ssure  error  All  and  static- 
pressiii’c  error  Ap  are  correlated  by  plots  of  total-pressure 
defect  Alllq/  and  static-pressure  defect  Ap/q/  as  functions  of 
airplaiu'  lift  coefficient  (.'l  with  uncorrected  Mach  number 
as  a  parameter.  The  correct  values  of  ^la(*h  number,  true 
airspeed,  and  dynamic  pressure  may  then  be  determined  by 
inserting  the  values  of  q^  and  p  as  obtained  from  equations 
(49)  and  (50),  respectively,  into  appropriatt*  equations  such 
as  equations  (2),  (4),  and  (5),  or  by  using  the  (‘onveiiient 
tables  and  graphs  given  in  refenmee  10. 

Total-pressure  error. — The  total-pressure  error,  in  general, 
is  small  and  may  usually  be  neglected.  The  lU'cessity  for  a 
calibration  of  this  error  can  usually  b(‘  determiiu^d  from  a 
visual  inspection  of  the  pitot  tube  to  determine:  (a)  the  ratio 
of  impact  orifice  diameter  %  to  tube  diameter  D,  (b)  the 
possible  angle  of  flow  relative  to  the  tube,  and  (c)  whether 
the  tube  is  located  in  a  region  where  energy  chang(‘s  are 
introduced  by  shock  or  the  slipstream,  ^\hen,  on  the  basis 
of  equation  (10)  and  figure  2,  a  calibration  is  deemed  neces¬ 
sary,  it  is  most  conveniently  performed  by  balancing  the 
tube  under  calibration  against  one  which  has  negligible  error 
and  by  measuring  the  pressure  difference.  A  tube  with 
negligible  error  is  one  such  as  is  described  in  reference  19 
mounted  on  a  boom  at  least  K  chord  in  front  of  the  airfoil 
and  parallel  to  the  airfoil  chord.  In  the  absence  of  a  shielded 
total-pressure  head,  a  tube  with  a  lai’ge  ratio  ijD  or  a  con¬ 
ventional  pitot-static  tube  on  a  free-swivel  mount  such  that 
the  tube  faces  the  relative  wind  may  also  be  used,  but 
stability  at  high  speeds  is  difficult  to  achieve  with  this  latter 
arrangement. 

The  instrumentation  required  in  determining  total-pressure 
error  is  relatively  simple  as  it  involves  only  the  measurement 
of  acceleration,  altitude,  and  impact  pressure  in  addition  to 
the  total-pressure  difference.  The  flights  required  consist 
of  a  series  of  steady  turns  or  slow  pull-ups  at  various  speeds 
in  order  to  cover  as  wide  a  range  of  lift  coefficient  ns  possible. 

Static -pressure  error, — The  principal  error  in  most  pitot- 
static  installations  is  due  to  pressure  defect  at  the  static 
openings.  An  a(*curate  static-pressui’e  system  depends, 
therefore,  on  a  static-pressure  head  which  does  not  introduce 
serious  or  indeterminate  erroi’s  over  the  range  of  Mach 
number  for  which  flight  is  contemplated.  Since  the  geometi\ 
of  the  head  influences  to  so  great  an  extent  the  magnitiule 
of  the  static-pressui’e  defect,  this  information  should  always 
be  determined  for  a  new  design  by  wind-tunnel  tests,  and  the 
heads  should  be  so  instalh'd  that  unnec(*ssary  changes  in  the 
calibration  are  not  introduced  by  mounting  studs,  screws,  and 
so  forth. 

The  altimeter  method  of  determining  static-pn‘ssun‘  defect 
is  fundamentally  a  nu'thod  in  which  the  delect  is  determined 
from  the  ditference  in  static  pressure  measured  at  the  statu* 
orifi(*es  and  the  known  pr(‘ssui*e  at  a  ])oint  of  refer('nc(‘  outside 
the  ])ressur('  field  ol  tlu*  airplaiu',  whi(*h  r(4(M‘enc(‘  point  the 
airplane  either  ITu's  by  or  dives  by. 
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Tlu‘  ossentials  of  tho  altiiiiotor  method  arc  illustrated  in 
figure  ir>.  A  point  of  reference  is  established  by  an  airplane 
of  either  known  or  unknown  airspeed  calibration  that  is 
flying  at  a  slow  constant  indicat (t1  airspeed  and  at 
constant  value  of  indicated  pressure  altitude  75%.  In  general 
this  referenc(‘  airplane  has  a  statiopressun'  defect  at  the 
static  orifices,  so  that  although  the  instruments  show  a 
pressure  altitude  corresponding  to  tlH‘  static  pressure 
7/r,  the  airplane  is  flying  at  a  true  pressure  altitude 
corresponding  to  p'r—Apr.  The  airplane  to  he  calibrated  is 
first  flown  in  formation  with  tin*  referenct*  aiqdane  and  tlie 
readings  on  both  altinu'ters  as  well  as  th(‘  distance  of  the 
airplane  above  or  below  the  r(‘ferenee  airplane  are  noted. 
AfU'i*  this  initial  run  tin*  air])lane  is  flown  past  the  reference 
airplane  at  increasingly  liiglier  speeds  (1^.,  T’3,  .  .  .  T^„) 

and  instantaneous  notations  or  recordings  are  made  in  both 
airplanes  of  pressur(‘  altitude',  observed  relative  heights, 
differential  pressure  7/  (indicated  airspeed),  and  ace'eleration 
n.  The  altitude  difl'erences  obtained 
(It — hr) Ohs  an'  converted  to  pressure  erroi's  Apa  and  Apobs 
by  means  of  the'  eepiation 

Ap=  —  pg  Ah  (51) 

For  altitude  differences  obtained  from  altimeters,  p  is  the 
density  of  the  standard  atmosphere  at  the  indicated  pressure 
altitude;  whereas  for  observed  altitude  differences,  p  is  the 
density  applicable  to  the  pressur(‘  and  temperatun'  (;ondi- 
tions  of  the  test.  The  value  of  p  may  Ix'  a})proximatc. 
Wlien  the  pressure  error  of  tlu*  reference  airplane  Apr  is 
known  from  a  pi-ior  calibration,  the  requiri'd  static-pressure 
error  Ap  may  be  obtained  directly  from  the  equation 

Ap  =zApr-h  Apa  —  Apobs  (52) 

where  the  signs  arc  consistent  with  the  definition  of  error 
used  in  the  ])resent  report,  as  shown  in  figure  15. 

If  Apry  the  eiTor  in  the  reference'  pressure,  is  not  known 
by  prior  calibration,  it  may  be  determineel  from  at  least 
one  known  point  on  the'  calibration  curve  of  the  airplane 
being  calibrated;  such  a  ])oint  can  \w  established  by  flying 
past  a  landmark  siu'h  as  a  tower  of  known  pressure  hciglit. 
Accuracy  is  im])rov(‘d  if  se'veral  runs  past  the  landmark  an' 
made  at  the  same  or  at  different  s])eeds  through  the  range. 
Alternatively,  if  it  is  not  (h'sirabh'  or  ])ossil)l('  to  fly  the' 
airplane  being  calil)rati'd  ])ast  tlu'  landmark,  the  reh'rencv 
airplane  niay  be  flown  past  at  thi'  same  indicated  s])eed 
1  that  was  us('d  in  th(‘  calibration  and  Apr  (i('t('rmin('d 
from  th('  dif}<*r(‘nc('  b(‘tw(‘en  indi(‘at(*d  and  triu'  ])r('ssui'{' 
height.  Accura(‘y  is  sacj’ificed  wIk'Ji  tliis  latter  means  is 
adoptc'd. 

In  iiguri*  15  and  ('(piation  (52)  wlu'u  llu'  fly-by  i’('f('renc(' 
altitude  is  (‘stabiisli(‘(l  i(*lati\(‘  to  a  fix(‘d  landmark,  or  what 
is  ('ssj'ntiaily  ('(juivalent .  by  sonu'  triangulation  nu'thod  as 
with  tile  dual  sigliting  stand  (reference  t)2),  tin'  ])ressur(‘  i 


altitude  of  the  reference  may  be  considi'red  as  known  and  the 
valiK'  of  Apr  is  zero.  If  a  captive  balloon  of  known  pressure 
height  were  used,  Apr  would  also  be  zero. 

Since  th('  value  of  Ap/(jc  established  by  the  altimeter 
method  is  dependent  on  the  precision  with  which  pressure  or 
altitud('  differeiu'cs  are  observed,  the  following  (*quation  may 
be  derived  from  equation  (51)  and  tlu*  (h'finition  of  7: 

Ah  :=  ™ 

<!  2.7  7  \ 

In  order  to  establish  a  vahu*  of  ApUj  (or  Apjtjr)  with  a  pre¬ 
cision  of  ±0.  01,  therefor(‘,  tlu*  altitiuh'  diflerence  Ah  at 
Mach  numbers  of  0.1,  0.5,  0.7.  and  1.0  must  lx*  established 
to  ±2,  i20,  ±100,  and  ±200  feet,  respe{'tively,  at  sea  level. 
These  vahu's  would  lx*  decreas('d  by  25  ])ercent  at  altitudes 
above  35,000  fec't.  Since  the  altimeter  method  is  limited 
in  the  lower  sp(*(*(l  range,  at  tlu*  Langh'v  Jjaboratory  better 
results  hav('  been  secured  when  photo-obs('rvers  wu're  used 
to  n'cord  altinu'ter  readings  and  the  relative  height  of 
airplane  and  reference  landmark. 

Tile  -procedun*  outlined  in  connection  with  figuri*  15  is 
particularly  adapted  to  tests  in  which  calibrations  are  re¬ 
quired  only  in  the  lift-coefficient  range  associated  with  flight 
near  1  7.  When  calibrations  outside  this  range  of  lift 
coefficient  at  high  Mach  number  are  deemed  necessary,  the 
Langley  Laboratory  has  used  a  combination  radar-])hoto- 
theodolite  method  to  establish  the  jirt'ss-  ■  height  variation 
during  calibration  maneuvers.  In  this  ;hod,  I'ecords  are 
taken  on  the  ground  of  the  range  measu  uy  the  radar  unit 
and  the  elevation  angle  of  the  airpla;  seasun'd  by  the 

phototheodolite  in  order  to  determiiu*  u  geometric  height 
during  a  constant-speed  climb  or  glidi*  ovr:  a  range  of  alti¬ 
tude.  Simultaneous  values  of  pressure  altitude,  ac'celeration, 
and  indicated  airspeed  are  obtained  in  '5  c  airplane,  correla¬ 
tion  being  secured  by  means  of  a  radic  Ignal.  From  these 
data  a  curve  of  the  variation  of  airplaiit  pressuiv  height  with 
radar  height  is  established  for  the  particudar  indicated  air¬ 
speed  of  the  climb.  After  the  constant-speed  climi)  or  glide, 
dives,  pull-ups,  turns,  or  pull-outs  are  ])erformed  to  cover  as 
much  of  the  maneuver  envelope*  as  may  lx*  n'fjuired.  During 
the  maneuvers,  simultaneous  ri'cords  are  made  at  the  ground 
and  in  the  airplane,  and  the  rt'cords  are*  correlateel  by  means 
of  the*  timing  impidse's  tran.smitte'el  from  the*  airplane. 

The  pre'ssure*  difrerene-e  [Aj),}  of  fig.  15)  is  eletermine'el  from 
the*  difference'  l)etwe'en  the*  ])re'ssure  altituele*  re'e'oreleel  eluring 
the*  inaneuve'r  anel  the'  ])re'ssure'  altituele*  which  was  re'corde'el 
in  the*  climb  for  the*  particular  he'ight  inelie'ate'd  by  the*  ground 
station.  The  pressui'e*  diffe're*nc(*  at  the*  re'fe'rene'e*  spe‘(*(l  of 
e'liinb  A/v  is  ei(*terinine*el  by  a  subse'ejue'nt  fly-by  te'sl  or  otlx'r 
te'sts  e’onsiele'red  a(le*ejuale'.  ddie  radar  is  thus  use*(l  to  e*stab- 
lish  the  refe'rence  he'ight  rathe’r  than  true*  airspe'e'd  so  that 
winel  ve'locities  ne<*el  ne)t  be*  take*n  inU)  ae-coiinl.  An  e'.xaniple* 
of  the*  use*  of  raelar  in  e*sta blishing  a  re'fcre'iie'e'  be'igbt  is  given 
in  referene'e* 


ACCURACY  OF  AIRSPEED  MEASUREMENTS  AND  FLIGHT  CALIBRATION  PROCEDURES 


Reference 

airplane 


Speed  Vj 


Airplane  being 
calibrated 


Figurk  15.— Diapranunatic  sketch  showinp  essentials  for  detcrinininp  static-pressure  error  by  altimeter  method. 
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Tli(‘  accurtu-y  ol)tainal>l(‘  with  the  particular  modification  | 
described  is  at  presiuit  Ix'ttcM*  than  that  obtained  in  flying  l)y  i 
a  rcfer(‘nce  airplane  and  al)out  as  jrood  as  that  ohiaiiuxl  in 
flying  past  a  reference'  landmark.  In  order  to  obtain  this 
accuracy,  however,  corrc'ctions  foi*  pressure  hl^^  acceleration 
effee'ts  on  instruments,  th(‘  curvature  of  the  earth,  and  refrac¬ 
tion  effects  in  the  optical  path  are  sometime's  nece'ssary  in 
establishing  ge'ometric  he'ight.  Care'  must  be  taken  to  have 
tlie  radar  scales  horizontal.  AVitli  corre'ctions  taken  into 
account,  the  slant  range  is  known  to  within  ilo  yarels  anel 
the  eh'vation  angle'  to  about  mil.  At  a  range'  e)f  1  (),()()() 
yarels.  the'  total  ei‘]-e)r  in  height  is  limite'el  te)  appro.ximate'ly 
4:20  feet,  wliich  is  e'cpiivale'nt  te)  a  pre'ssure'  e'rre)r  of  about  0.2 
ine*h  of  water  at  an  altitude'  e>f  1 0,000  fe'e't. 

TEMFEKATIIRK  INSTALLATION 

The*  calil)ratie)n  e)f  a  te'mpe'rature*  installatie)n  ceinsists, 
essentially,  of  the*  elete'rminatie)n  e)f  a  tempe*rature*-re*e*overy 
fae-tor  K  as  elefineei  by  e'(iuatie)n  (4t)).  If  the'  e'rror  in  true' 
airsj)e'e*el  elelerinination  elue*  te)  lempe'ralure'  erre)r  is  te)  be* 
less  than  i  h  percent,  the*  temperature  measurement  must  l)e' 
within  4  2°  F  or  abe)Ut  b  ])('rcent  of  its  absolute'  value. 
(S(*e‘  t'epiation  (8).)  This  speedfication  require'S  that  for 
liigh  sjieeds  the  recovery  factor  K  anel  its  variations  with 
M  ae*h  number  anel  lift  e'oefhcient  be  establisheel  to  an 
accurae’v  better  than  io  peirent. 

The  flight  proe'edure  feir  e-alibrating  a  temperature  installa¬ 
tion  is  similar  to  that  fetr  eailibrating  an  airsjK't'el  installation 
by  the  altimeter  methoel;  in  fact,  the  e‘alibralie)ns  may  be 
made  at  the  same*  time'.  An  aelequate  proe-eelure  in  most 
ease's  consists  of  flying  the  airplane  being  e'alibrateel  past  a 
lanelmark  at  a  series  of  speeels  anel  either  noting  or  ree*oreling 
the  temperatures  at  the*  instant  of  passing  the  refereiu'c 
point.  In  the  first  series  of  tests  the  fly-by’s  shoulel  be* 
inaeie  at  the  same  heading  (pre'ferably  away  from  the*  sun) 
and  in  as  small  an  elapseei  time  as  possible.  Some  fly-by 
runs  should  be  mnele,  if  possible,  on  a  heading,  such  as  to 
obtain  the  maximum  effe'e’ts  of  solar  radiation.  Knowlexlge 
of  radiation  effects  may  be  re'ejuire'd  subsequently  in  evalu¬ 
ating  eiata. 

The  true  temperature  at  the  lanelmark  is  obtaiiu'd  from  a 
calibrate'el  temperature  installation  shieldeel  from  solar 
radiation,  such  as  the  standard  we*athe*r  she'lter  (Stevenson 
se-reen).  Small  e'orre'ctions  are*  mad('  to  this  temperature 
in  oreh'r  te)  ae'e*ount  foi-  any  eliflerences  in  height  between 
the  lanelmark  and  the  airplane  as  it  flies  by.  Jf  a  e'alibrated 
temj)e'rature'  installation  is  not  available',  T  may  ofte*n  be' 
(ie'termineel  by  a  plot  of  T'  against  4/*.  Equation  (40)  shows 
that  fe)r  e*onstant  value's  of  K  and  7’ sue-h  a  plot  shoulel  be*  a 
straight  line,  whiedi  when  extrapolated  to  give's  the  true  [ 

fre'e'-air  tempe'rature'  to  be*  use'el.  The  elifferences  i)etwe'e'n  | 
re'e'oreleei  airplane  tem])eralure‘  and  the  e*ori'ecteel  lanelmark 
tempe'rature  are  then  ])lotte'd  against  the  quantity  0.274/*. 
The  slope'  of  this  e’urve'  repi'e'se'iits  the*  re'e*ove'i\v  factor;  tlie 
eliffei-e'ne’e'  betwee'ii  two  curve's  obtaineel  for  lu'aeliiigs  inte) 


anel  away  from  the  sun  is  a  measure*  of  the*  eflee't  of  solar 
raeliation.  A  conside'rable  variation  e)f  sloj)e  along  the 
curve*  may  signify  that  the  I’ccove'iy  faeOor  varie's  with 
change's  in  the  flow-fie*lel  pattern,  in  whiedi  case*  a  moi'c 
comjih'le*  calibration  with  Mach  number  anel  lift  e-ocflicient 
as  variable's  may  be*  re'quired. 


Langley  Memoi{ial  AEROXAt'TU’AL  Lahohatorv, 
National  Advisory  Co.mmittee  for  Aero.nai^tk’s, 
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Positive  directions  of  axes  and  angles  (forces  and  luomonts)  are  shown  by  arrows 
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position),  B,  (Indicate  surface  by  proper  subscript.) 


D 

V 

pID 

V' 

T 

Q 


4.  PROPELLER  SYMBOLS 


Diameter 

Geometric  pitch 

P 

p 

Power,  absolute  coeflicicnt 

Pitch  ratio 

Inflow  velocity 

a 

Speed -power  coefficient = -y/ 

Slipstream  velocity 

V 

Eflicicucy 

T 

Thrust,  absolute  coefficient 

Torque,  absolute  coeflScient 

n 

4^ 

Ee volutions  per  second,  rps 

Elective  helix  angle  = 

5.  NUMERICAL  RELATIONS 


1  hp= 76.04  kg-m/s^--550  ft-lb/sec 
1  metric  horsepower^ 0.9863  hp 
1  mph=0.4470  mps 
1  mps=2.2369  mph 


1  Il)-=0.4536  kg 
1  kg= 2.2046  lb 
1  mi-=  1,609.35  iu=5,280  ft 
1  m=3.2808  ft 


